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Abstract
As the size of the bulk crystal reduces to the nanometre scale, anatase ti-
tania exhibits enhanced photocatalytic properties. Nanostructuring of TiO2
involves engineering the crystal facets in a way that specific types of surfaces
dominate the 3D shape. The atomic structure of the surfaces and 3D mor-
phology of the crystal determine the electronic properties of the material, and
should be characterized with atomic precision. Due to its high spatial reso-
lution (0.1 nm), aberration-corrected transmission electron microscopy was
used to obtain morphological and structural information on anatase nano-
platelets and nanorods. TEM morphological analysis showed that the main
3D shape of the platelets is that of a truncated tetragonal bipyramid, where
{001} facets dominate. This 3D shape is accessible via 2D projections of the
crystal structure. In the nanorod specimens, the types of edge morphology
found link to intermediate or final stages of growth, occurred via oriented
attachment of primary nanocrystals and classical monomer addition. The
structural characterization of the nanocrystals was carried out by examin-
ing the exit plane wave of the specimen, which was reconstructed from a
serial acquisition of aberration-corrected TEM images of different defocus.
The phase of the reconstructed wave reproduces the atomic potential of the
specimen, and provides information with the maximum resolution of the mi-
croscope. The optical properties of the platelets and rods were also analysed
using a combination of STEM imaging and EELS. Due to the high surface
to volume ratio of the platelets, the EELS spectrum is dominated by strong
surface features that arise from the polarization of the surface electrons in-
duced by the electron beam. The influence of the surface excitations on the
EELS spectrum is strongly determined by the thickness of the platelets: by
modifying the crystal thickness below 20 nm, the frequency of the surface
excitations changes, enabling the optical properties of titania to be tuned in
the visible and UV range. Finally, preliminary EELS investigations on the
nanorods suggest that, unlike metallic nanoparticles, the surface excitations
are not influenced by the morphology of the crystal, but strongly depend on
its thickness.
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Chapter 1
Introduction
1.1 Titania nanostructures
Titanium dioxide is a wide band gap semiconductor of broad industrial
influence [1]. Besides being an abundant and low cost material, the commer-
cial importance of TiO2 is due to its biological and chemical inertness which
make it one of the most used materials in everyday life. Due to its high
refractive index TiO2 is one of the whitest material on Earth and is widely
used as a pigment. Currently, the production volume of TiO2 pigments (used
for paints, coatings, cosmetic products and food additives) covers the 70% of
the world-wide production volume.
The unique physical and chemical properties of TiO2 depend on the char-
acteristic electronic structure of the crystal and the surface chemistry. Gen-
erally, TiO2 can be chemically activated by light. Due to its wide band
gap (> 3 eV, see chapter 4), optical and photocatalytic properties are acti-
vated by ultraviolet (UV) light (3.1 – 14 eV). Absorption of UV light creates
electron-hole pairs which can produce anion or cation radicals that can ini-
tiate further reactions. For example, hydroxyl radicals generated from pho-
toexcited TiO2 are powerful oxidants of organic matter and are exploited in
the photocatalytic degradation of organic contaminants [2]. Photocatalysis
of TiO2 underpins many environmental applications, which mostly involve
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technologies for the purification of water and air. The activation of TiO2 by
light is also widely exploited by the energy industry through various devices
like photovoltaics, e.g. dye-sensitized solar cells [3], photochromics [4] and
water-splitting devices [5], to name a few.
However, UV light only accounts for a small part (≈ 4%) of the electro-
magnetic spectrum reaching the surface of the earth. This aspect limits the
optical sensitivity of TiO2 in the visible range. In addition to this limitation,
the low separation efficiency of the photogenerated electrons and holes at
the surface, as well as poor transport efficiencies, lead to low quantum yields
which lessen the performances of TiO2 based devices [1], [2].
Nanostructuring of TiO2 has helped with these limitations [6]. Nano-
structures exhibit new physical and chemical properties due to their reduced
size, or the modified shape of the particles. In particular, the reactivity of the
surfaces generally improves due to the increased number of active sites and
surface to volume ratio. In addition to nanostructuring, different approaches
have been proposed to increase both optical and photocatalytic activities, as
well as optical sensitivity in the visible range, based on doping, heterostruc-
turing and engineering of the crystal growth. A detailed description of these
strategies is beyond the scope of this work, however numerous examples are
reported in recent reviews [6], [7], [8].
Engineering of the crystal facets of the TiO2 crystal is based on the as-
sumption that optical and photocatalytic reactivity and selectivity depend
on the type of surface planes exposed (surface atomic configuration) and the
degree of exposure of the various facets [8].
Typically, among the main polymorphs of titania (rutile, anatase and
brookite), anatase is the most recurrent crystal found at the nanoscale (see
section 1.2). According to the Wulff construction based on the calculated
surface energies of the low index surfaces of anatase, the equilibrium shape
of the crystal is that of a truncated tetragonal bipyramid enclosed with eight
{101} facets and two {001} facets [9] (figure 1.1). As the (101) surfaces have
the lowest calculated surface energy (0.44 J/m2), in the Wulff construction
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Figure 1.1: Three-dimensional shape of an anatase crystal according to the Wulff
construction and the calculated surface energies (taken from [9]).
the percentage of {101} exposed facets is ≈ 94%. Although the calculated
surface energy of the (010) surfaces is between that of the (001) (0.90 J/m2)
and (101) [9], no {010} facets appear in the equilibrium shape of the crystal.
This result is mainly because the derivation of the predicted equilibrium
shape is conducted under vacuum conditions at absolute zero temperature.
In practical synthesis of anatase nanocrystals, the morphology of the crystal
varies with the involved surface chemistry. For example, Barnard et al. [10]
calculated that the presence of hydrogen terminated surfaces does not change
significantly the equilibrium shape predicted in vacuum, while the presence
of water or hydrogen-poor surfaces results in a modified Wulff shape where
{010} facets appear at the center of the nanoparticle (figure 1.2).
In the past decade, numerous studies have been devoted to controlling the
percentage of {001} exposed facets as a possibility to enhancing the surface
properties of anatase nanocrystals [7], [11], [12]. In fact, contrarily to the
(101) surfaces, the surface chemistry of the (001) planes can be easily mod-
ified due to the conspicuous number of under-coordinated Ti and O atoms
and surface defects (figure 1.3), which in turn affect absorption capacity,
selectivity and surface reactivity. However, due to their relatively high sur-
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Figure 1.2: Three-dimensional morphology of anatase crystals with (a) hydro-
genated surfaces, (b) hydrogen-rich surface adsorbates, (c) hydrated
surfaces, (d) hydrogen-poor surface adsorbates and (e) oxygenated
surfaces (taken from [10]).
Figure 1.3: Clean, unrelaxed (001) and (101) anatase surfaces. Light grey and
red spheres represent Ti and O atoms, respectively. Ti ions with
sixfold and fivefold coordination are indicated with 6c-Ti and 5c-Ti,
respectively, while O ions with threefold and twofold coordination
are indicated with 3c-O and 2c-O, respectively (taken from [13]).
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face energy, {001} facets are unstable during the crystal growth. A general
approach for controlling the growth of high energy facets is to grow the crys-
tal in the presence of adsorbing species that lower the surface energy of the
facets [6]. Yang et al. [13] predicted for the first time that the presence of
fluorine adsorbed atoms reduces the surface energy of the {001} facets, and
demonstrated experimentally the formation of fluorine-terminated anatase
nanoplatelets with 47% of {001} exposed facets using hydrofluoric acid (HF)
as a capping agent and TiF4 as a titanium precursor. Thus, by surrounding
the (001) surface with fluorine ions the shape of the anatase nanocrystals
becomes that of a truncated tetragonal bipyramid (figure 1.4).
Figure 1.4: Scanning electron microscopy (SEM) images of anatase nanoplate-
lets synthesized in TiF4 aqueous solution (taken from [13]). The
inset shows the presumed 3D shape resembling a truncated tetrago-
nal bipyramid where mostly {001} facets are exposed.
After the discovery of Yang, the engineering of titania nanoplatelets has
been focused to increase the percentage of exposed {001} facets and reduce
the size of the nanocrystals to maximize the surface area [8], [11], [12], [14].
Beside the intensive research on this topic, numerous studies have also
been dedicated to the potential applications of these structures, which mainly
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involve photocatalytic processes such as hydrogen production by water split-
ting [15],[16], solar cells [17], oxidation of organic pollutants [18] and Li-ion
batteries [19].
In a photocatalytic reaction, a semiconductor photocatalyst is irradiated
with light. If the energy of the photons is equal to or larger than the band gap
of the crystal, electrons in the valence band are promoted to empty states in
the conduction band, leaving a positive hole in the valence band. The pho-
togenerated electrons and holes can initiate redox reactions with chemical
species absorbed on the photocatalyst surface. Thus, two distinct processes
of a photocatalytic reaction are affected by the surface and electronic struc-
ture of the {001} facets: the dissociative adsorption of the chemical species
occurring at the surface of the photocatalyst, and the separation of the pho-
togenerated electrons.
Several authors reported that exposed {001} catalytic facets facilitate the
dissociation of water molecules due to the geometrical atomic configuration
of the (001) surface, which is thermodynamically unstable due to the exis-
tence of under-coordinated 5c-Ti and 2c-O atoms [11], [20]. The enhanced
water dissociation capability of the {001} facets leads to the enhanced photo-
catalytic activity observed in water-splitting devices using a large percentage
of {001} exposed facets [15].
Adsorption studies have also been conducted with regard to the dissoci-
ation of dye molecules in nanostructured TiO2 solar cells. In conventional
dye-sensitized solar cells, a porous film of titania nanoparticles with exposed
{101} facets is used as the photoanode electrode. The photocurrent is gener-
ated when photons are adsorbed in a dye molecule and electrons are injected
from the dye to the TiO2 surface. Yang et al. [21] reported that photoan-
odes enclosing nanosheets with over 90% of {001} exposed facets indicate
a 43% increase of the energy conversion efficiency with respect to standard
photoanodes of P25 nanoparticles, as well as an increment of the current
density of 54%. The improvement is attributed to the ability of the (001)
surface to dissociatively absorb (COOH) groups in the dye [20]. During the
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process, the carbonyl O atoms binds to the under-coordinated 5c-Ti on the
(001) surface, while the H is transferred to 2c-O. Thanks to this mechanism
electron injection from the dye to the TiO2 electrode is favoured and the cell
performance improved.
Separation of electrons and holes has also been studied regarding the im-
provement of the photocatalytic activity observed in the presence of exposed
{001} facets. The mediating action of the {001} facets upon charge transfer
is also due to the presence of oxygen vacancies, or oxygen deficiency due
to the high density of under-coordinated 5c-Ti centres that promote surface
reconstruction. As a result of the improved separation of electric charges,
the enhancement of the photocatalytic activity has been reported in water-
splitting devices [22]. In addition, it was speculated that the surface geometry
and defect concentration can change the electronic structure of the crystal
to such an extent that the photogenerated charges are directed towards a
specific type of exposed facets where the redox reactions occur [11]. The
spatial separation of redox sites can reduce the recombination rate of the
charges, enhancing the photocatalytic activity. Therefore, the improvement
of the photocatalytic activity is not only due to a high density of surface
under-coordinated atoms but also depends on the modified electronic struc-
ture of the surface which is influenced by the presence of defects and the
surface chemistry [8].
Although several reports have been produced on the enhanced photocat-
alytic activity of nanocrystals exposing {001} facets, there are controversial
opinions regarding the role of the various crystal facets of anatase in im-
proving the photocatalytic activity [11]. Gordon et al. [16] observed that
the majority of catalytic measurements have been performed on large crys-
tals (≈ 2µm in size) rather than nanosized platelets, for which controversial
examples exist regarding the improvement of the catalytic activity. One pos-
sible reason for this is the difference in the reaction conditions leading to
unequal morphologies and phase composition of the crystals. In fact, the co-
existence of mixed exposed facets can affect the photocatalytic activity in the
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sense that redox efficiencies vary on the type of reacting molecules and the
specific facets. Moreover, different synthetic routes can lead to unequal sur-
face chemistry or defect densities [14]. For example, it has been shown that
washing of the nanoplatelets in NaOH water solution removes the fluorine
atoms terminating the {001} surfaces [15].
Besides nanostructuring of the anatase crystal facets to obtain morpholo-
gies enclosing mostly {001} facets, alternative crystal shapes have also been
explored to enhance the surface area of anatase and improve electronic trans-
port. In particular, rod-shaped titania nanorods have also shown to possess
improved photocatalytic properties [6]. Typically, nanorods exhibit mostly
{101} facets which are believed to be less active than the {001} due to the
high coordination of the Ti atoms at the surface [1].
However, nanorods structures have also shown to improve the photocat-
alytic activity of energy and environmental devices. In particular, several
works have been carried out in the field of dye-sensitized solar cells and the
capability of the nanorods facets to dissociate organic dye molecules. In fact,
the ability of titania surfaces to dissociate the anchoring groups of different
dyes is a very active research topic where controversial opinions are often
found. For example, as mentioned previously, Selloni and co-workers [20] ob-
served that formic acid dissociates spontaneously on the clean (001) anatase
surface. This organic compound is one of the most important anchoring
group in organic dye molecules and is often used as a model to understand
the dissociative adsorption of the carboxylic group on the TiO2 electrode.
On the other hand, other authors have studied the dissociative absorption of
different organic dyes on nanorods exposing {101} facets [25] and on (101)
surfaces [26] and observed an improved electron transfer with respect to con-
ventional P25 particles. Thus, in principle nanorod structures can enhance
charge mobility and charge separation, and inhibit charge recombination. For
example, in dye-sensitized solar cells the grain boundaries between nanoparti-
cles in the porous film can act as trap centres for the photogenerated charges,
while the ability of the nanorods to form networks generally results in the
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Figure 1.5: (a) High-resolution transmission electron microscopy (TEM) image
of titania nanorods showing the [101], [004] and [200] diffracting lat-
tice planes of anatase (taken from [23]). (b) Low magnification TEM
image of titania nanorods and corresponding high magnification im-
age (c) showing [101] planes [24].
improvement of the charge transfer and in a higher efficiency of the cell [27].
To summarize, there is growing evidence that anatase nanostructures play
an important role in the development of more efficient energy and environ-
mental devices. However, there are still open questions regarding the role of
the different crystal facets in improving the photocatalytic activity, as well
as the role of defects, step edges and surface chemistry upon reactivity. In
addition, there is little experimental evidence on the formation and growth
mechanism of the nanostructures.
High spatial resolution characterization techniques, such as TEM, enable
investigation at the atomic scale. Few works can be found on dedicated
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high-resolution TEM morphological and structural analyses of the platelets
and rods, or the investigation of the growth mechanism at the atomic scale.
In fact, the majority of the TEM studies characterize the types of reaction
products rather than conduct a detailed structural analysis.
C˘aplov˘icova´ and co-workers [28] carried out a 3D morphological study of
titania platelets observing that the 3D shape of the structures can be easily
misinterpreted in the TEM. This fact is due to the crystal shape of the plate-
lets which is only accessible in the form of 2D projections of the 3D structure.
Therefore, the correlation between morphology and photocatalytic activities
can lead to erroneous conclusions. Various authors (e.g. [29]) examined the
crystallization mechanism of anatase nanocrystals with exposed {001} facets
using high-resolution TEM and observed that the crystal growth occurred
via an orientation attachment mechanism, where the classical formation via
monomer by monomer addition is replaced by the fusion of adjacent na-
nocrystals along a common crystallographic orientation. In addition, some
authors suggest that the difference between the observed surface structures
of the nanocrystals is due to the projection of the same 3D crystal along
different orientations, as illustrated in figure 1.6.
Structural (and morphological) characterization of the nanorods has been
reported by De Caro and co-workers [30] using electron diffractive imaging
(EDI). In this work, the surface structure of the rods is shown, including
titanium and oxygen sites. In addition, the authors measured a contraction
of the unit cell along the c-axis of 0.57% with respect to the bulk case.
Lee Penn et al. [31] reported the first evidence of the growth mecha-
nism of the nanorods using high resolution TEM. According to this study,
growth evolution starts from the attachment of primary nanoparticles ex-
posing mainly {101} facets that gradually attach forming a single crystal.
The oriented attachment mechanism is driven by the surface energy reduc-
tion of high energy surfaces such as the (001). The authors also observed
the formation of twins and tilts at the junction plane due to the fact that
the attachment can only occur in two dimensions. As a consequence, at the
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Figure 1.6: Illustration of the truncated tetragonal bipyramid Wulff shape of
anatase crystals and the corresponding 2D projections in various
zone axes (ZA)(taken from [29]).
junction plane several kind of defects may form ranging from pure tilts to
screw dislocations (figure 1.7).
Although the atomic characterization of the nanorods has been already
partially studied, the use of aberration-corrected TEM techniques, and exit
plane reconstruction (see chapter 2 and 3) has not yet been applied for the
accurate study of the growth mechanism and atomic structure of the crystal-
lites. In this work, aberration-corrected high-resolution TEM is used for the
preliminary morphological and structural analyses of anatase nanoplatelets
and nanorods. In addition, the technique of exit plane reconstruction is used
to retrieve the atomic potential of the nanostructures in order to attempt
quantitative analysis of the lattice parameters and gain a better understand-
ing of the growth mechanisms.
As mentioned earlier in this section, an alternative method to enhance
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Figure 1.7: Stages of the growth evolution via oriented attachment of anatase
nanorods: (a) formation of single primary crystallites, (b) attach-
ment of the crystallites to form a single nanorod, (c) formation of
the nanorod. The insets in (c) show the junctions planes at which
the attachment occurred (adapted from [31]).
the optical and photocatalytic properties of titania nanocrystals involves fab-
ricating TiO2-based heterostructured devices. In particular, great attention
has been devoted to the fabrication of two-phase nanodielectrics where metal-
lic nanoparticles are mounted onto a TiO2 photocatalytic support [7]. The
advantage of such heterosystems consists of two aspects: on one side, the
use of a nanostructured photocatalytic support enhances the photocatalytic
activity of the device, while on the other side, the metallic nanoparticles can
enhance the localized electric field upon interaction with visible light thanks
to the surface plasmon resonance effect [32]. The strong electromagnetic
field that forms at the interface between the nanoparticles and the support
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facilitates the formation of photogenerated charges, as well as the electric
transport and extends the light-response of the device to the visible range
[33]. Since the plasmon resonant energy of the nanoparticles depends on the
dielectric properties of the surrounding medium (as well as on size and shape
of the particle) it is of great interest to characterize the dielectric function of
the photocatalytic support.
In general, characterization of the optical properties at the nanoscale is
essential to the development of optic and optoelectronic TiO2 based devices.
Again, due to the high spatial resolution needed for the characterization of
the optical properties at the nanoscale, reports on the dielectric properties
of nanoplatelets and nanorods are currently missing. One method to ex-
plore the dielectric properties with atomic resolution is electron energy-loss
spectroscopy (EELS) performed in the transmission electron microscope (see
also next section). The use of EELS to determine the dielectric function of
materials is well established and allows measurements over a wide energy
range, from the visible to the extreme ultra-violet regime. In addition, the
use of electron monochromators allows an energy resolution of 0.2 eV, which
is comparable to that obtainable using optical techniques, which, in contrast,
have limited spatial resolution (see chapter 2).
Recently, EELS in the (S)TEM microscope has been extensively used to
probe locally the optical response of metallic [34](and semiconductor [35])
nanostructures, providing a link between the observed properties and the
atomic structure of the nanocrystals. In addition, thanks to the high spatial
resolution of this technique, the spatial mapping of the excited properties can
also be performed. For these reasons, the STEM-EELS technique was used to
determine, for the first time, the dielectric properties of anatase nanoplatelets
and nanorods, relevant to their optical behaviour at the nanoscale.
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1.2 Bulk titania
The analysis of the electronic and optical properties of nanostructured
materials requires a comparison with their bulk counterparts. Although
anatase nanocrystals are widely used in nanotechnology applications, the
fundamental properties of bulk anatase are still largely unexplored. The
reason behind this lack of information is due to the limited availability of
anatase single crystals at large scales (millimetres). In fact, among the three
most common titania polymorphs, rutile, anatase and brookite, the rutile
microcrystalline structure is the most thermodynamically stable phase un-
der ambient conditions [36], [37]. For this reason, anatase microcrystals are
not readily commercially available.
However, anatase is generally considered as the most active polymorph
and is currently used in a wide range of applications, as described in the pre-
vious section. All three phases of titania are formed by chains of distorted
TiO6 octahedra sharing a different number of edges. The typical arrange-
ment of these octahedra determines the activity of the crystals, due to the
type of surface terminations exposed in the various orientations, as discussed
in section 1.1. In anatase, the TiO6 octahedra share four edges and are ar-
ranged into a four-fold symmetry. The apical (long) and equatorial (short)
bonds that coordinate each Ti atom to the six neighbouring O have lengths of
1.979 A˚ and 1.932 A˚, respectively [9]. The anatase crystal adopts a tetragonal
structure in which atoms are arranged in a I41/amd symmetry. The tetrag-
onal unit cell contains four TiO2 atomic units and has lattice constants a,
b = 3.782 A˚, and c = 9.502 A˚ [9].
As mentioned in the previous section, anatase crystals mainly expose
{101} facets. Recent developments in thin film growth have made possible
the fabrication of anatase substrates of millimetre size in various orientations,
including <001> films [40]. Moreover, due to the increasing popularity of
anatase amongst nanotechnology applications due to the enhanced activity,
the number of theoretical studies regarding the structure and the stability of
the crystal surfaces is starting to grow.
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Figure 1.8: Illustration of the anatase unit cell showing the arrangement of the
TiO6 octahedra (left, taken from [38]). The apical (1.979 A˚) and
equatorial (1.932 A˚) Ti – O bonds are also indicated in the figure
(right, taken from [39]). Titanium and oxygen atoms are displayed
in blue and red respectively.
Nevertheless, few authors report measurements of the dielectric function
of anatase, which is fundamental to describe the electric and optical proper-
ties of the bulk material upon interaction with an external electromagnetic
field. On the other hand, the dielectric properties of anatase have been of-
ten investigated using theoretical approaches. In particular, several ab-initio
density functional theory (DFT) studies report the calculated electronic prop-
erties of anatase, from which the complex dielectric tensor can be determined
[41], [42], [43], [44].
Experimentally, the dielectric function of anatase has been measured us-
ing optical techniques such as reflectivity measurements [45] or ellipsometry
[46] and electron transmission [43] or reflection [47] techniques such as EELS.
In all these studies, dielectric measurements were taken from {011} or {101}
microcrystals. Due to the anisotropy of anatase, the complex dielectric func-
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tion  is a tensor with diagonal components xx = yy and zz, perpendicular
and parallel to the optic axis of the crystal. As a consequence, dielectric data
obtained along (101) directions are averaged over the two main components
of the dielectric tensor. In order to obtain the separate responses, analytical
post-processing of the data is needed. For this reason, the reference for the
dielectric function of anatase is often taken as the averaged response of the
two components.
In this work, the dielectric function of bulk anatase was measured sepa-
rately for <100> and <001> substrates using EELS. This approach allows a
direct comparison of the experimental results with theoretical DFT calcula-
tions. In addition, comparisons with optical measurements probe the efficacy
of the EELS methodology to measure the dielectric function.
1.3 Outline of the thesis
The motivation behind the research carried out in this work lies in the
growing interest towards applications of nanostructured anatase TiO2. The
reasons behind this interest have been introduced in this chapter, together
with an overview of promising applications involving mostly anatase nano-
platelets and nanorods.
In the second chapter of this thesis, the basic principles of the transmis-
sion electron microscopy techniques mainly used in the investigations are de-
scribed. Particular attention is given to the theoretical and practical aspects
of EELS used to study both theoretically and experimentally the electronic
and optical properties of anatase.
The results of the TEM morphological and structural analyses of anatase
nanoplatelets and nanorods are presented in chapter 3. High-resolution TEM
was carried out to determine the three-dimensional morphology of the parti-
cles, accessible via examination of two-dimensional projections of the crystal
structure and electron diffraction patterns. The exit plane wave reconstruc-
tion (EPWR) technique was used to examine the atomic structure of the crys-
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tals in various orientations using a serial acquisition of aberration-corrected
high-resolution TEM images. This methodology enabled analysis of the sur-
face structure of the specimens with sub-nanometre resolution, as well as
(indirectly) the growth mechanism of the nanocrystals.
Chapter 4 contains the study of the dielectric function of bulk anatase
carried out using both theoretical and experimental approaches. This study
aims to determine the electronic and optical properties of a bulk reference
for the nanostructures. In the theoretical investigation, density functional
theory (DFT) was used to predict the dielectric function and energy-loss
spectrum of anatase. The results were tested against experimental EELS
measurements of the same quantities.
In chapter 5, the dielectric properties of anatase nanoplatelets are in-
vestigated with atomic resolution using EELS in combination with scanning
transmission electron microscopy (STEM) imaging. Thanks to the high res-
olution of this technique, the dielectric behaviour of the platelets can be
measured as a function of the position of the electron probe (i.e. of the
electromagnetic field) in the specimen.
Chapter 6 discusses some of the challenges encountered in the sample
preparation of anatase nanorods for the EELS investigation of the optical
properties. This discussion is followed by the analysis of the obtained EELS
measurements.
Conclusions are presented in chapter 7, together with an outline of pos-
sible future work.
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Chapter 2
Instrumentation and theory
2.1 Introduction
Electron microscopy is the main tool of investigation used in this work.
This choice is due to the high spatial resolution provided by this technique,
which is essential for studies of nanomaterials. This chapter introduces the
basic theory of electron microscopy which is needed to understand the ex-
perimental results of the following chapters. A brief description of the main
components of an electron microscope is also provided, with particular atten-
tion to the characteristics of the FEI Titan 80 – 300 kV electron microscope,
mainly used in this work. In the final section, a discussion of the theory of
electron energy-loss spectroscopy (EELS) is provided, which is essential to
comprehend the experimental results presented in chapter 4,5 and 6.
2.2 Imaging with electrons
Transmission electron microscopes were initially developed to overcome
the limited spatial resolution of an optical system, which is imposed by the
wavelength of visible light. According to the Rayleigh criterion [48], the
smallest distance δ that may be resolved by an optical system is given by:
δ =
0.61
n sin β
· λ (2.1)
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where λ is the wavelength of the radiation,n is the refractive index of the
viewing medium and β is the collection angle of the magnifying lens. The
term n sin β can be assumed equal to unity [48], so that the resolution of
optical microscopes is about half the wavelength of light. The resolution
limit of light microscopes can be overcome by imaging with electrons. The
wavelength of electrons in a transmission electron microscope can be related
to the acceleration voltage of the microscope (or energy in eV) as follows
[48]:
λ =
h
(2m0eV )1/2
(2.2)
where h is the Planck constant, m0 is the rest mass of the electron, e is
the electron charge and V is the acceleration voltage of the microscope.
Equation 2.2 is valid for V < 100 kV, for which electrons can be considered
non-relativistic. However, at higher voltages, the relativistic wavelength of
electrons must be considered:
λ =
h[
2m0eV
(
1 +
eV
2m0c2
)]1/2 (2.3)
where c is the speed of light. For V = 300 kV, λ = 0.00197 nm, which is well
below the diameter of an atom. Practically, the spatial resolution that can
be achieved in modern electron microscopes is limited by the imperfections
of the electron lenses to 0.1 nm (further details are given in section 2.4).
The operational modes of an electron microscope are based on the inter-
action of the incident electrons with the specimen [48]. Upon transmission
within the solid, electrons may undergo elastic or inelastic scattering. The
former involves the attractive Coulomb interaction between the fast electrons
and the atomic nuclei, while the latter implicates the repulsive action between
the fast electrons and the atomic electrons within the specimen. Following
an elastic interaction, the energy of incoming electrons remains unchanged
after traversing the specimen. In inelastic scattering events, the incoming
electrons experience an energy loss and deviate from their original path. In
order to describe the probability that electrons undergo any type of scatter-
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ing event, the concept of scattering cross section is generally used. The cross
section has the dimension of area, in the sense that a larger area represents
a better chance of scattering. In electron microscopy, it is more useful to
express the probability of scattering in terms of a differential scattering cross
section, dσ/dΩ, which defines the fraction of electrons scattered within the
solid angle dΩ. The differential scattering cross section for a single atom can
be written as a function of the angle of scattering θ, to describe the angular
distribution of the scattered electrons:
dσ
dΩ
=
1
2pisinθ
dθ
dΩ
(2.4)
Integrating equation 2.4 over θ, the cross section is given for all scattering
angles less than θ. For a specimen containing N atoms per unit volume, the
total scattering cross section is given by:
σtotalt =
N0σatom(ρt)
A
(2.5)
where t is the thickness of the specimen, N0 is the Avogadro
′s number, σatom
is the scattering cross section of a single atom, ρ is the specimen density, and
A is the atomic weight.
2.2.1 Elastic scattering
Elastic scattering arises from the interaction of the fast electrons with the
atomic nuclei as well as the electron cloud of the specimen. In the case of
interaction with the nuclei, the electrons are scattered through larger angles
than in electron-electron interactions. Considering the wave nature of the
incident electrons, the amplitude of the scattered wave from a single atom is
known as the atomic scattering factor f (θ) and is given by [48]:
f(θ) =
(
1 +
E0
m0c2
)
8pi2a0
 λ
sin
θ
2

2
(Z − fx) (2.6)
where E0 is the energy of the incident electrons, Z is the atomic number,
and f x(θ) is the atomic scattering factor for X-rays. The scattered intensity
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is measured as modulus | f (θ) | 2. Hence, the intensity of a scattered wave
is related through its amplitude to two main terms: the atomic number
Z 2 which accounts for the elastic nuclear scattering, known as Rutherford
scattering, and the f x which defines the electric electron-cloud scattering.
Hence, at sufficiently high angles of scattering, the intensity of the scattered
wave is only proportional to the atomic number of the specimen.
At high scattering angles there is no phase relationship between the scat-
tered electron waves. Therefore, high-angle scattering is incoherent and the
scattering events can be treated independently. For this reason, high-angle
scattered electrons are often described as particles rather than waves. Con-
sidering the particle nature of the electrons, Rutherford derived a relativistic
expression for the differential scattering probability [48]:
σR(θ) =
Z2λ4R
64pi4a20
· dΩ[
sin2
(
θ
2
)
+
θ20
4
]2 (2.7)
where λR is the relativistically corrected electron wavelength, a0 the Bohr
radius of the scattering atom:
a0 =
h20
pim0e2
where 0 is the dielectric constant. θ0 is called the screening parameter and
is given by:
θ0 =
0.117Z1/3
E20
The probability of Rutherford scattering is proportional to Z2. As a result, by
collecting scattered electrons at sufficiently large angles, the contrast mech-
anism is dominated by variations in Z. The Z -contrast mechanism of image
formation is mainly used in STEM (section 2.4.5).
To understand low-angles scattering events, it is best to treat electrons as
waves rather than particles, due to the coherence of the scattered electrons
and the increasing importance of the interference between waves. The low
scattering intensity (10 – 20 mrad) is modulated by the atomic potential of
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a crystalline specimen. The atomic scattering centres modulate the incident
electron wave following the Huygens principle of interference. As a conse-
quence, only constructive interference defines a non-zero scattering intensity.
In particular, constructive interference occurs if [48]:
nλ = 2dsinθB (2.8)
where n is an integer, λ is the wavelength of electrons, d is the planar distance
between the diffracting hkl crystal planes and 2θB is the Bragg angle, i.e. the
angle that the electron beam forms with the diffracted beams.
Using the atomic structure factor defined in equation 2.6, a measure of
the amplitude scattered by a unit cell of a crystal structure is given by the
structure factor F (θ):
F (θ) =
∞∑
i
fie
2pii(hxi+lyi+kzi) (2.9)
Hence, F (θ) is defined as the sum of the atomic structure factors of the
i atoms of the unit cell. The exponential term accounts for the phase shift
between the diffracted beams. A symmetrical array of Bragg diffracted beams
is called a diffraction pattern, and is obtained when the specimen is aligned
along a high symmetry direction (zone axis). Bragg diffraction is also the
main cause of contrast formation in the image of a crystalline specimen. The
constructive interference between diffracted beams gives rise to the so called
phase contrast, which is examined in more details in section 2.4.
2.2.2 Inelastic scattering
Upon an inelastic scattering event within the specimen, the incident elec-
trons lose a certain amount of energy which depends on the type of in-
teraction. There are four main types of mechanism for which the incident
electrons may lose energy upon interaction with the specimen: phonon scat-
tering, plasmon scattering, single electron scattering and radiation losses.
These mechanisms of scattering are discussed in section 2.5, where the en-
ergy loss distribution of the incident electron beam is described in detail.
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Inelastic scattering can also cause emission of X-rays, Auger electrons and
secondary electrons. These types of interactions are not considered in this
work.
2.3 The Transmission Electron Microscope
2.3.1 Electron sources
The electron beam in a TEM is provided by the electron source which
is incorporated into the electron gun, in the microscope column. Inside the
gun, the electrons generated by the source are accelerated and focused into
a narrow beam by means of electrodes. Two types of electron sources are
mainly used in a TEM (STEM): thermionic or field-emission sources [48].
Thermionic sources produce electrons when heated up to a temperature high
enough to give electrons sufficient energy to overcome their work function
and escape the source. These sources are typically made of tungsten (W)
for its high melting temperature or more commonly lanthanum hexaboride
(LaB6) for its low work function. Field emission sources generate the electron
beam when a voltage is applied to a sharp needle tip creating a strong electric
field that enables the electrons to escape by tunnelling.
In modern microscopes, thermionic guns are equipped with LaB6 sources.
The LaB6 filament is connected to a metal wire which is resistively heated.
Also, it is used as cathode, so that when the electrons leave the source they
have a negative potential of a finite accelerating voltage with respect to the
anode electrode. The electrons are then accelerated through the potential
difference. In order to get a narrow beam into the microscope, a preliminary
electrode, known as a Wehnelt cap is positioned immediately after the source,
at a negative bias relative to the filament. A schematic of a thermionic gun
is shown in figure 2.1.
In a field emission gun, a sharp needle tip made of a tungsten wire is
used to emit electrons after applying an extraction voltage. The substantial
electric field that forms at the tip, lowers the potential barrier between the
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Figure 2.1: Schematic of a thermionic gun (adapted from [48]).
tip and vacuum so that there is a probability that a fraction of electrons
tunnels through the barrier and escapes the tip. Unlike thermionic sources,
a field emission gun has two anodes. The first anode is positively charged
with respect to the tip and provides the extraction voltage that enables the
electron to escape. The second anode is used to accelerate the electrons. The
combined action of the anodes focus the accelerated electrons into a small
probe, as shown in figure 2.2. The types of field emission guns sketched in
figure 2.2 are also called cold field-emission guns (CFEG) which distinguish
them from another type of guns known as Schottky FEGs that thermally
provide both heat and field emission. The FEI Titan microscope used in
this work is equipped with a Schottky FEG. The tip consists of a tungsten
filament grown in the <100> direction to enhance emission. The tungsten
crystal is capped in a ZrO2 layer to reduce contamination and lower its work
function. In addition, during operation the tip is heated up to 1800 K in high
vacuum (10−8 – 10−9 Torr) to reduce contamination. The gun extraction
voltage typically used in this study was of 4 – 4.5 kV.
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Figure 2.2: Schematic of a field emission gun (adapted from [48]).
The performances of the electron sources are determined by the charac-
teristics of the electron beam and the optimal operating conditions in a TEM.
Brightness and energy-spread of the electron source typically affect spatial
and energy resolution. Brightness is the current density (electrons per unit
area per unit time) per solid angle of the source [48]. The electron density
can be increased by using a brighter source, therefore brightness is desirable
when performing high spatial resolution studies in STEM. The energy-spread
of the electron source is also important in STEM, as it increases the probe
size through chromatic aberration [48]. In addition, the energy-spread of the
beam is important in EELS, as it determines the achievable energy resolution.
Thermionic sources have relatively low brightness and a high energy-spread.
Tungsten filaments or LaB6 sources provide an energy resolution between 1
and 2 eV [49], Schottky sources give typically 0.7 eV [49]. A CFEG source
can reduce the energy resolution down to 0.5 eV [49]. Further improvement
in energy resolution is possible by using a monochromator, allowing energy-
spreads below 0.2 eV [49].
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2.3.2 Lenses and aberrations
In the TEM, electromagnetic lenses are used to direct and focus the tra-
jectory of the electron beam [48], [50], [51]. An electromagnetic lens is formed
by a cylindrically symmetrical core of soft magnetic material (e.g. soft iron)
with a hole drilled through it, as shown in figure 2.3.
Figure 2.3: Schematic of an electromagnetic lens (adapted from [48]).
The soft iron piece is called a polepiece. In figure 2.3 there are two
polepieces which are part of the same soft core. The distance between the
polepieces is called the gap, while the diameter of the hole is called the bore.
The bore-to-gap ratio controls the focusing action of the lens. A coil of copper
wire surrounds each polepiece. A current passing through this coil, generates
a magnetic field in the bore. The magnetic field is homogeneous about the
optic axis but inhomogeneous along the length of the polepiece in such a
way that the magnetic field is weak in the gap and becomes stronger in the
bore. As a consequence, electrons travelling off axis are strongly deflected.
Practically, the magnetic field acts as a convex lens deflecting electrons that
deviate from the optic axis back to focus. A water circulating system in the
polepiece reduces the resistive heat in the lens generated by the current of
the coils.
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The focusing action of the magnetic lenses is described by the Lorentz
force that acts on the electrons passing through the magnetic field between
the polepieces:
F = e(v×B) (2.10)
where F is the Lorentz force, v is the electron velocity and B is the magnetic
field of the lens. The Lorentz force is directed along the direction perpen-
dicular to both v and B. For a magnetic field perpendicular to the electron
velocity, it can be shown that the electron trajectory follows an elliptical
path. In particular, electrons that travel centrally along the optic axis, con-
tinue undeflected, while electrons travelling away from the optic axis are
deflected by the Lorentz force in a way that the electrons are brought to
focus by following a spiral path.
The imperfections of the magnetic lenses primarily limit the resolution of
the microscope. The limiting factors to the image resolution are also called
aberrations. Aberrations describe the deviations from the optical behaviour
of an ideal instrument, and can be distinguished according to their effect on
the electrons. A common distinction between aberrations is made between
axial and off-axial aberrations, where the effect of the lens increases with the
inclination angle of the electron trajectory with respect to the optic axis. The
most important axial aberrations are spherical aberrations, chromatic aber-
ration and astigmatism. Spherical aberration and astigmatism are also called
geometrical aberrations, because they primarily generate image distortions
and affect the interpretability of the images.
Spherical aberration occurs because of the inhomogeneous focusing be-
haviour of the lenses for off-axis travelling electrons. In particular, electrons
travelling far from the optic axis are not brought to focus at the same point
as electrons following central trajectories along the optic axis. As a result,
the image of a point, formed by the lens in the Gaussian image plane, is a
bright dot surrounded by a halo of light. This is known as the disc of least
confusion and has a radius of [48]:
rspher = C3β
3 (2.11)
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where C 3 is the spherical aberration coefficient and β is the collection semi-
angle of the lens. The overall effect of the spherical aberration on the ex-
tended image is the degradation of the image resolution and the impossibility
to magnify details. A scheme of the spherical aberration effect is shown in
figure 2.4.
Figure 2.4: Ray diagram illustrating the effect of spherical aberration in an elec-
tromagnetic lens (adapted from [48]).
Astigmatism further distorts the image to such an extent that circular
features appear elliptical. It arises due to the non-symmetry of the magnetic
field experienced by the travelling electrons. The inhomogeneities are due
to imperfections and defects of the polepieces of the magnetic lens and the
presence of the apertures that limit the angular range of the beam. Stigma-
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tors can easily reduce this effect, by introducing a compensating magnetic
field that balances the inhomogeneities (see next section).
Spherical aberration and astigmatism do not depend on the energy of the
travelling electrons. On the contrary, chromatic aberration causes the focal
point of a lens to change with the electron energy. The difference in energy of
the electrons is due to the energy spread of the electron source. As discussed
in the previous section the energy spread of the source may vary from 0.3 eV
for CFEG to >1 eV for LaB6. Chromatic aberration occurs because electrons
of lower energy are more strongly focused by the magnetic lens. An image
point again results in a disk of radius rchrom in the Gaussian image plane
[48]:
rchrom = CC
∆E
E0
β (2.12)
where CC is the chromatic aberration coefficient, ∆E is the energy lost
by the electrons, E0 is the initial beam energy. Chromatic aberration is
an important limiting factor in EELS. The use of monochromated sources
reduces the effect of this aberration.
2.3.3 Aberration Correctors
The aberrations represent a practical limitation to the image resolution
in conventional transmission electron microscopes. To overcome these limita-
tions, modern electron microscopes are equipped with aberration correctors.
Two types of correctors are used to overcome chromatic and spherical aber-
ration respectively.
In the presence of spherical aberration, a corrector device is used to com-
pensate for the dominant geometrical aberration of the objective lens. Aber-
ration correctors employ non-round electron optics, i.e. magnetic multi-pole
lenses, to add negative spherical aberration and compensate the positive
spherical aberration of the round objective lens. Rotationally symmetric
electron lenses shows positive spherical aberration, due to their rotational
symmetry [50]. Typically, the positive spherical aberration is compensated
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using two different configurations of multi-pole lenses which produce a nega-
tive spherical aberration: two extended magnetic hexapoles or a combination
of quadrupole and octupole elements [50]. Quadrupoles, hexapoles and oc-
tupoles have 4, 6 and 8 magnetic poles arranged in equidistant azimuth angles
about the optical axis. Since neighbouring poles have opposite polarity, the
number of times that the magnetic field repeats on being rotated about the
optical axis is m = 2, 3 and 4, respectively.
The Titan microscope is equipped with the image corrector formed by
two extended magnetic hexapoles and four round transfer lenses. The first
hexapole compensates for the positive spherical aberration C 3 of the objec-
tive lens with a negative spherical aberration. However, this compensation
occurs at the expense of a large threefold astigmatism, which is the primary
aberration of an hexapole field [50]. The threefold astigmatism is cancelled
out by adding a second hexapole.
2.3.4 Electron detectors
In modern microscopes, images and diffraction patterns that form at the
image plane are recorded in real-time by digital TV cameras [48]. TV cameras
are also used to detect EELS spectra and EFTEM images. The most com-
monly used recording cameras are charge-coupled device detectors (CCDs).
A CCD is a metal-oxide-semiconductor (MOS) device that stores charges
proportional to the intensity of the scattered electrons. In a CCD camera for
recording images, the image is projected onto a MOS capacitor array (pix-
els) that accumulates an electric charge proportional to the intensity of the
transmitted electrons. A one-dimensional array is used in line-scans camera,
where the array captures a single slice of the image. Two-dimensional arrays
are used to record a two-dimensional picture of the specimen that is pro-
jected onto the image plane of the objective lens. The electric charge stored
by each capacitor of an array is transferred to the neighbouring capacitor,
operating a shift register or a readout. The charge transported by the last
capacitor is then transferred to a charge amplifier, where the charge is con-
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verted into a voltage. The sequence of transferred voltages is then digitalized
and processed by a hardware. Once all the capacitors are empty, the array
can be re-exposed to the electron intensity. The transfer of the charge at
each pixel is called serial recording. An alternative method to record images
in a CCD consists of transferring the charge of an entire array into a storage
array, leaving the main array available to be re-exposed. This method allows
for faster acquisitions but has a much higher cost. The FEI Titan microscope
contains two CCDs that are used to record images and diffraction patterns
(Gatan Multiscan CCD) and EELS spectra or EFTEM images (Gatan Imag-
ing Filter CCD). Both cameras have 2048 × 2048 pixels. In the GIF, the
readout is reduced by dividing the camera in four quadrant. In addition, the
readout procedure can be improved by transferring the charge of more than
one array into a store array. This procedure is called binning. In 2D CCDs
binning occurs in the X and Y direction. In the case of a 1 × 1 binning each
pixel is used as it is. For a 2 × 2 binning, four adjacent pixels are combined.
The net effect of this pixel sum is to reduce the readout time and the signal
to noise ratio.
Other types of detectors, mostly uded in STEM, are scintillator-photomultiplier
systems. In a scintillator, visible light is emitted when struck by electrons.
To the detect rapid changes in signals, materials such as Ce-doped yttrium-
aluminum garnet (YAG) are used, which have decay times on the order of
nanoseconds. The photomultiplier system amplies the light generated by the
scintillator.
2.3.5 EELS spectrometer
For EELS measurements, the Titan microscope uses a Gatan 865 Imaging
Filter spectrometer equipped with a 2D CCD camera [52], [53]. A schematic
view of the spectrometer is given in figure 2.5.
The magnetic prism of the spectrometer is used to disperse the energies of
the electrons after they have inelastically scattered within the specimen [54].
At the spectrometer entrance, electrons are selected by a variable entrance
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Figure 2.5: Schematic of the main components of the GIF spectrometer [48],
[52].
aperture (of 1 mm, 2.5 mm or 5 mm diameter) and deflected through ≈ 90◦
by the magnetic field of the prism. Electrons of different energies follow
paths of different curvatures due to the magnetic field force. The radius of
curvature R of the deflected electrons is proportional to the electron velocity
according to the following equation:
R =
m0v
eB
(2.13)
where m0 is the rest mass of the electron, and B is the magnetic field of the
prism. Hence, the magnetic prism acts effectively as a lens that focuses elec-
trons travelling off-axis more strongly than electrons travelling on-axis. In
the GIF, an EEL spectrum can be acquired either in image mode or diffrac-
tion (STEM) mode (see next section for the operating modes of the TEM). In
image mode an image is formed on the TEM screen and the objective plane
of the spectrometer (the back focal plane of the projector system) contains a
diffraction pattern. Reversely, in diffraction (or STEM) mode, a diffraction
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pattern is formed on the TEM screen and the objective plane of the spec-
trometer contains an image. The focusing action of the prism in both image
and diffraction mode is optimised by a series of multipole lenses positioned at
the entrance and the exit of the magnetic prism. In particular, the multipole
lenses correct up to the 4th order aberrations [52]. The detection system of
the GIF consists in a YAG scintillator followed by a CCD camera [52]. The
post-prism lenses focus the energy dispersed electrons onto a row in the CCD
so that an EELS spectrum can be recorded. In modern microscopes, EELS
spectra can be acquired as a function of probe position in the x or y direction
of the specimen plane. The acquisition of the spectra as a function of the
x - and y- positions of the probe is called spectrum imaging (SI). Using this
technique, it is possible to acquire a 3D data set, where the x and y axes
denote the position of the electron probe on the specimen and the EELS
spectra form the z axis.
2.3.6 Conventional TEM and STEM
Conventional TEMs operate in imaging or diffraction mode while illumi-
nating an area of the specimen by a parallel electron beam. The emission
gun produces an image of source called gun crossover as described in sec-
tion 2.3.1. This crossover acts as the object for the illumination system that
consists of two (or three, see section 2.3.7.1) condenser lenses (C1, etc.) lo-
cated after the gun. The C1 lens forms a demagnified or magnified image
of the gun crossover in thermionic sources and FEG respectively. The C2
lens is then adjusted so that a parallel beam is produced at the specimen
plane. The electrons transmitted through the specimen are collected by the
objective system located below the specimen and transferred into the pro-
jector system by means of intermediate lenses, as indicated in figure 2.6. To
form an image on the viewing screen of the microscope, the strength of the
intermediate lenses is adjusted to select the image plane of the objective lens
as the object plane of the projector system. To form a diffraction pattern,
the intermediate lens adjusts the back focal plane of the objective lens as
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Figure 2.6: Schematic of a TEM operating in diffraction (left) and image mode
(right) (adapted from [48]).
the object plane of the projector system. The projector lenses magnify the
image or the diffraction pattern formed by the intermediate lenses. When a
diffraction pattern is projected onto the objective lens, a TEM image can be
formed by selecting one or more diffracted beams with an objective aperture.
If only the transmitted beam is selected, a bright-field (BF) image is formed,
while selecting a diffracted beam a dark-field (DF) image is produced. The
difference between BF and DF images consists of the image contrast, i.e. the
relative intensity change between adjacent regions, and will be explained in
more details in the next paragraph.
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Electron microscopes can also operate in STEM mode if the electron beam
is focused into a small probe formed by a demagnified image of the electron
source. The diameter of the probe decreases with demagnification, which
means that for highly confined probes the angular divergence of the electron
beam is high. Therefore, to increase the spatial resolution of the image, very
large convergence angles must be used. However, due to the axial aberrations
of the condensers lenses, the probe diameter is defined by a limiting aperture.
The beam defining aperture reduces the effect of probe broadening but also
the beam current. A STEM image is formed by scanning the electron probe
over the specimen by means of scanning coils, while recording the signal at
each point. The transmitted electrons are detected by an on-axis bright field
(BF), while the diffracted electrons are collected by an annular dark field
(ADF) or high angle annular dark field (HAADF) detector.
Figure 2.7: Schematic of bright-field and annular detectors in STEM.
The fraction of electrons collected by each detector depends on their scat-
tering angle and the angular detection range of the detector. This range is
limited by an inner and outer collection angle, as shown in figure 2.7. The
outer collection angle of the BF detector is θ1, while the outer collection
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angles for the ADF and HAADF detectors are θ3 and θ4, respectively. The
inner collection angles for the ADF and HAADF detectors are θ2 and θ3,
respectively. The contrast mechanisms in an electron microscope arise from
incoherent and coherent elastic scattering. Incoherent scattering causes the
mass-thickness contrast mechanism for which thicker or high mass (high Z)
regions scatter more than thinner or low mass regions. Therefore, for a high
mass region the fraction of the transmitted electrons in a BF detector is re-
duced and the image appears dark, or bright in a DF detector. Coherent
scattering causes the diffraction contrast mechanism for which the detected
intensity depends on the orientation of the sample as the electrons are scat-
tered into Bragg angles by the periodic structure of the lattice. At high
scattering angles the electrons are collected by an HAADF detector and the
main contrast mechanism is the mass-thickness contrast that dominates at
higher scattering angles.
2.3.7 Specimen preparation
TEM specimens have to be thin enough in order to be electron trans-
parent for the incident electron beam. A number of different preparation
techniques exists to produce electron transparent specimens. In the case
of nanocrystals, the most common preparation technique consists in drop-
casting a solution of the material onto a support, which is usually a dedicated
TEM grid. Examples of this technique are given in chapter 3, 5 and 6. The
TEM preparation of thin films requires more sophisticated techniques such
as focused ion milling and argon milling. The former was used to produce
thin films of anatase titania following the experimental procedure described
in chapter 4.
In a focused ion beam (FIB) instrument, an ion source is used in conjunc-
tion with an electron source to produce a thin cross section of the sample
(lamella) [55]. The ion beam is used for both imaging and milling of the sam-
ple, while the electron source is mainly used for imaging. The reduced mass
of the electrons allows to image the sample non destructively, unlike that of
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the ions. FIB milling requires the sample to be coated by a conductive layer
(e.g. gold) in order to achieve good contrast and avoid charging during etch-
ing. A platinum layer is also applied to avoid damaging the sample during
sputtering of the ion source.
2.3.8 Titan
The FEI Titan 80 – 300 kV microscope can operate in both TEM and
STEM modes. A schematic of the important components of the microscope
is shown in figure 2.8. The working principles of the FEG (thermal FEG),
double hexapole corrector, detectors and GIF spectrometer were described
in the previous sections. An overview of the electron optics is given in the
next sections. The illumination system of the FEI Titan microscope has
six lenses: the gun lens, three condenser lens C1, C2 and C3, the minicon-
denser lens (MC) and the objective lens (Obj). In addition to these lenses,
a monochromator is also present.
2.3.8.1 Illumination system
The pre-specimen lens system is formed by the gun lens, the condenser
and minicondenser lenses. The gun lens is located immediately after the FEG
and is an electrostatic lens that regulates the magnification of the electron
source and the current in the electron beam. Increasing the strength of the
lens leads to an increase of the demagnification of the source and a decrease
of the beam current. The gun lens provides the object for the first condenser
lens C1. The first condenser lens C1 forms with the neighbouring condenser
lens C2 a so called zoom system. In the zoom system the position of the
intermediate source image can be changed (up or down) while the position
of the image in front of the first lens and the image after the second lens
remain fixed (figure 2.9). The C1-C2 zoom system adjusts the beam current
and determines the spot number. The second condenser lens C2 and third
condenser lens C3 form the second zoom system. The C2-C3 zoom system
defines the illumination area in TEM and the probe convergence in STEM
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Figure 2.8: Schematic of the column of the FEI Titan microscope.
(figure 2.10). Changing the position of the intermediate image between the
C2 and C3 lenses varies the diameter of the beam at the C3 lens which defines
the size of the illuminated area in TEM and the convergence of the probe in
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Figure 2.9: Ray diagram of the zoom system of two neighbouring electromagnetic
lenses (taken from [56]).
STEM. Immediately after the condenser system, the specimen is located in
the middle of the objective lens. Therefore, the magnetic field of the objective
lens acts both above and below the specimen plane. Thus, the objective lens
is represented by an upper objective lens above the specimen and a lower
objective lens below the specimen. The upper objective lens is useful to
form a convergent beam at the specimen in STEM, while makes it difficult
to get parallel illumination for TEM. To improve parallel illumination, a
minicondenser lens is added before the upper objective lens to compensates
the magnetic field of the upper objective lens. When the minicondenser lens
is on, the area illuminated by a parallel beam is five times larger than when
it is unexcited. The Titan microscope can also operate as a conventional
TEM by switching off either C2 or C3 in the zoom system. In this case,
the condenser system behaves as a conventional two-condenser lenses system
(section 2.3.6).
2.3.8.2 Monochromator
The monochromator is located immediately after the gun lens and acts as
a lens itself. The parameter than regulates the strength of the lens is called
the monochromator excitation. By varying the excitation, the energy disper-
sion of the electron beam changes at the energy selecting slit, as illustrated
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Figure 2.10: Ray diagram illustrating the TEM and STEM imaging modes of
the Titan microscope, when the minicondenser lens above the upper
objective lens is on (taken from [56]).
in figure 2.11.
When the monochromator is not excited, the focusing action of the gun
lens and that of the monochromator is adjusted so that the C2 becomes
the beam limiting aperture, and not the monochromasing slit. With the
monochromator excited, an intermediate image of the source is provided at
the energy selecting slit, and hence the object distance of the C1 lens is
reduced. Because of the reduced object distance, the source image at the
C1 object plane is too large to be focused into a small probe before the
C2 lens (see figure 2.11) by the C1 lens alone. In this case, the C2 and
C3 lenses do not act as a zoom system, but the C2 lens provides additional
demagnification of the source image. Therefore, extra spot sizes are available
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Figure 2.11: Schematic showing the increasing energy dispersion of the electron
beam with increasing monochromator excitation (taken from [57]).
in monochromator mode, corresponding to stronger focusing effects and beam
current settings. The effect of the monochromator is to reduce the energy-
spread to the electron beam and select the wavelength of the electrons within
a narrow range of values. This monochromation is achieved by means of a
Wien filter placed behind the gun lens system. The working principle of a
Wien filter is shown in figure 2.12.
In a Wien filter, the electrons are subjected to both an electric E and
magnetic field B, perpendicular to each other and the direction of the elec-
tron beam. The deflecting forces acting on the electrons are eE and evB
respectively. For electrons travelling along the optic axis with average ve-
locity v0 = E/B, the acting forces cancel each other so that the electrons
continue travelling undeflected along the optic axis. Electrons having a ve-
locity less than v0 are deflected by the electric force initially and directed
towards the positive electrode of the filter. Here, the electrons increase their
kinetic energy and are forced by the magnetic field back to the optic axis.
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Figure 2.12: Schematic showing the focusing action of a Wien filter (taken from
[57]).
Similarly, electrons travelling with a velocity >v0 are deflected by the mag-
netic field towards the negative electrode, where the kinetic energy is reduced
and the electric field forces the electrons back towards the central trajectory.
Thus, the focusing action of the monochromator is that of a strong lens which
brings electrons of the same energy to a single cross-over point at the energy
slit and disperses electrons according to their energies (not shown in figure
2.12). The excitation of the monochromator determines the strength of the
deflecting electric and magnetic field, and regulates the degree of energy dis-
persion. By placing a slit such that only electrons that feel the same force
pass through, the Wien filter can be used a velocity filter.
2.4 High-Resolution Transmission Electron Mi-
croscopy
The formation of the image in high-resolution transmission electron mi-
croscopy can be summarized into a few main steps [50]. The specimen is
illuminated with an electron beam that is ideally described by a plane elec-
tron wave, Ψin(r) = 1, where r = (x,y) is a vector in the object plane. At the
exit plane of the specimen, an electron wave containing all the information
about the sample is formed, called the exit-plane wave Ψep(r). The exit plane
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is a complex function with an amplitude and a phase, and is transferred by
the objective lens to the image plane, where an image is formed. A simple
expression for the exit plane wave is given by assuming that the specimen
alters the phase but non the amplitude of the wave. In other words, the spec-
imen is assumed to be a phase object. Upon interaction with a phase object,
the incident plane wave undergoes a phase change but not an amplitude
modulation. Therefore Ψep(r) can be expressed as follows:
Ψep(r) = exp[−iφ(r)] (2.14)
where φ(r) is the object function that indicates the phase shift of the incident
wave at any point r. The phase shift contains information on the atomic
structure of the specimen and it can be shown to be proportional to the
projected electrostatic potential Vt(r):
φ(r) =
pi
λU
t∫
0
V (r, z)dz =
pi
λU
Vt(r) = σVt(r) (2.15)
where λ is the relativistic wavelength of electrons, U is the acceleration
voltage of the microscope, t is the specimen thickness along the optical axis
of the microscope, directed along the z axis.
For a weak phase object φ  1 and equation 2.15 can be expanded as
follows:
Ψep(r) = 1− iφ(r) (2.16)
which is called the weak phase approximation. The exit plane wave prop-
agates to the image plane, where the image wave function Ψ(r) is formed.
Unlike the exit plane wave, Ψ(r) is affected by the transfer characteristic
of the electron optics of the microscope. In fact, it can be shown that an
expression for Ψ(r) is given by:
Ψ(r) = F−1[Ψep(q)t(q)] (2.17)
where Ψep(q) is the Fourier transform of Ψep(r), with q being the reciprocal
space vector of the back focal plane, the symbol F−1 denotes the inverse
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Fourier transform and t(q) is the complex transfer function describing the
electron optics of the TEM. In real space equation 2.17 becomes:
Ψ(r) = Ψep(r)⊗ t(r) (2.18)
where the symbol ⊗ refers to the convolution. By substituting the expression
of Ψep(r) in 2.16, equation 2.18 becomes:
Ψ(r) = 1 + φ(r)⊗=[t(r)]− iφ(r)⊗<[t(r)] (2.19)
The image intensity of a weak phase object is then given by:
I(r) = |Ψ(r)|2 = 1 + 2(φ(r)⊗=[t(r)]) (2.20)
where the high order terms in φ(r) have been neglected. Equation 2.20 shows
how at the image plane, the phase change of the exit plane wave is lost, be-
cause it is translated into an image intensity. Effectively, the phase modula-
tion is not detectable, and must be translated into an amplitude modulation
in order to get the image contrast. This technique is known as phase con-
trast imaging. By transforming equation 2.20 into Fourier space, the image
intensity of a weak phase object is given by:
I(q) = F [I(r)] = δ(0) + 2φ(q)=[t(q)] (2.21)
The Fourier transform of =[t(r)], i.e. =[t(q)] is called phase contrast transfer
function. If =[t(q)] is a constant value, and is not frequency dependent, the
phase change of the exit plane wave is preserved in the intensity of the image.
However, in general, the phase contrast transfer function is not a constant,
and is given by the product of the following terms:
=[t(q)] = A(q)E(q)exp[−iχ(q)] (2.22)
where A(q) is the aperture function, E (q) is a damping envelope function
and exp[-iχ(q)] is the aberration function, with χ(q) often called the phase
distortion function. The aperture function takes into account the circular
objective aperture in the back focal plane of the objective lens that removes
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electrons from the image formation with high spatial frequencies, which carry
high resolution information. Also the damping envelope function limits the
resolution information carried out by the high spatial frequencies, and consid-
ers the spatial coherence and energy spread of the electron source. Therefore,
E (q) is often expressed as the product of a spatial coherence envelope Es(q)
and a chromatic aberration envelope Ec(q). The aberration function con-
siders that the objective lens is not an ideal lens. The effect of the lens
errors on the contrast transfer function is given by the aberration function
χ(q). In conventional electron microscopes, which are not equipped with an
aberration corrector, χ(q) has the form:
χ(q) = χ(q) =
1
2
q2λ2C1 +
1
4
q4λ4C3 (2.23)
where C 1 and C 3 are the objective lens defocus and the third-order spherical
aberration coefficient. C 3 only depends on the design of the lens of the
microscope and cannot be changed (C 3 ≈ 0.5 - 1.5 mm in conventional
microscopes). To optimize the phase contrast of the image, the defocus C 1
can be adjusted to balance the negative effective of C 3. Scherzer derived an
expression for the optimum defocus C 1, which is given by:
C1,Scherzer = −
√
1
4
λC3 (2.24)
To analyse the effect of the Scherzer defocus on the contrast transfer function,
the contrast transfer function must be further analysed. According to the
expression of the image intensity 2.20, only the imaginary part of t(r) is
important for phase contrast imaging. By substituting equation 2.23 into
tL(q) = exp[-iχ(q)], =[tL(q)] = tc(q) = tc(q) can be expressed as follows:
tc(q) = =
[
exp
{
−ipiq2λC1 − i
2
piq4λ3C3
}]
(2.25)
By introducing the scattering angle θ ≈ qλ, equation 2.23 becomes:
tc(q) = =
[
exp
{
−ipi
λ
(θ2C1 +
1
2
θ4C3)
}]
tc(q) = sin
{
−pi
λ
(θ2C1 +
1
2
θ4C3)
} (2.26)
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Figure 2.13: Coherent phase contrast transfer function tc(θ) calculated for a
200 kV microscope and C 3 = 1 mm, shown for C 1 = 0 (dashed
line) and C 1,Sherzer = -58 nm (taken from [50]).
Equation 2.26 has the form of an oscillatory function with θ. In figure 2.13,
spatial frequency bands where the sinus is negative, correspond to positive
contrast in the TEM image, with the atomic columns appearing dark on a
white background. If C 1 and C 3 are zero, no phase contrast exists in the
image. If C 1 is at the Scherzer defocus, there is a large band of frequen-
cies where the contrast is negative, while in the frequency range where the
transfer function has an oscillatory behaviour, the interpretation of the im-
age results difficult due to contrast reversal. The point resolution for phase
contrast imaging is defined as the first zero crossing of the contrast transfer
function at the Scherzer defocus, and reflects the higher spatial frequency, or
spatial distance, that can be transferred from the specimen to the image. In
uncorrected microscopes, the point resolution is not limited by the envelope
functions, but only depends on the electron wavelength and the spherical
aberration coefficient C 3. In fact, it can be demonstrated that the point
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resolution ρr under phase contrast conditions is given by:
ρr = 0.66(C3λ
3)1/4 (2.27)
The actual information (highest spatial frequency) that it is possible to ex-
tract from an image is called the information limit. Unlike the point reso-
lution, the information limit is determined by the envelope functions, and is
defined as the distance for which Es(q) or Ec(q) reaches a value of 1/e
2. In
order to measure the information limit experimentally, it is possible to use
the Young′s fringes method [50], as well as alternative methods [58].
Using aberration correctors, the point resolution can be significantly in-
creased towards the information limit of the microscope [50]. In this case,
the point resolution is limited by the envelope functions, unlike the case of
non-corrected microscopes.
Figure 2.14: Phase contrast transfer function calculated for a 200 kV microscope
at the Scherzer focus. The damping envelope function due to partial
temporal coherence is indicated with a dotted line, while the spatial
coherence envelope function is plotted with a dashed line (taken
from [50]).
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2.4.1 Aberration Correction
In aberration corrected microscopes, the aberration function χ(q) has a
more general form than that given in equation 2.23 for conventional micro-
scopes. The third-order spherical aberration that dominates the formation
process in conventional TEM is corrected by the aberration corrector, and is
in principle annulled. Therefore, high-order aberration coefficients become
important for high-resolution imaging. Hence, the aberration function in cor-
rected microscopes considers all feasible axial aberrations up to the seventh
order [50].
In the presence of aberration correction the aberration function χ(q) tends
to zero and phase contrast imaging would not be feasible. In order to get
phase contrast, which carries the atomic resolution of the image, the aberra-
tion function must be modulated to a finite value and optimized to provide
image contrast with the maximum resolution. The tolerable limits for the
aberration coefficients depend on the desired resolution, and must be cal-
culated accurately. The precision needed to adjust the aberrations cannot
be obtained manually. The measure and control of aberration coefficients
is usually provided by an hardware correction during the alignment by the
aberration corrector of the microscope. The hardware correction is based on
a diffractogram analysis. A diffractogram is a power spectrum of an image of
an amorphous specimen area, which is derived by the fast Fourier transform
(FFT) of the real space image. Figure 2.15 is an example FFT of an amor-
phous carbon film. The diffractogram shows concentrical ellipses of high and
low intensities. These dark and bright rings correspond to bands and gaps
of the contrast transfer function. The spacing between the ellipses depends
on the defocus C 1, while the ellipticity reflects the two-fold astigmatism.
Furthermore, the sequence between the ellipses depends on C 3. Hence, for
a single diffractogram, C 1, C 3 and the two-fold astigmatism can be mea-
sured. However, high-order residual aberrations are not directly measurable.
The importance of the axial aberrations increases with the tilt of the beam
in respect to the optical axis of the lenses, therefore by recording a series
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of diffractograms by varying the azimuth tilt it is possible to measure the
residual axial aberrations. This method is called the Zemlin-tableau method
[50]. The effect of beam tilting can be expressed mathematically with the
following transformation:
χ(q)→ χ(q + τ) (2.28)
where τ expresses the applied illumination tilt. Hence, the effective aberra-
tions reflect the tilt-induced aberrations. By measuring the first-order effec-
tive and tilt-induced aberrations, high-order axial aberrations can be deduced
using equation 2.28. The optimization of the contrast transfer function is ob-
tained when small elliptical distortions are observed in all diffractograms, and
all ellipses are turned into circles.
Figure 2.15: Fast Fourier Transform of an amorphous carbon region of the TEM
grid.
2.4.2 Image simulation
The necessity of simulating HRTEM images arises from the loss of the
phase information in the image intensity, which reveals the atomic structure
of the specimen. Starting from a model of the specimen structure, the in-
tensity map can be simulated and compared to the experimental image to
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authenticate the original guess of the atomic structure. Two main approaches
are used for image simulations:
• multi-slice approach
• Bloch wave approach
Both methods are based on dynamic scattering theory, where the inclusion
of multiple electron scattering is essential to describe efficiently the image
intensity of a specimen of finite thickness [48].
In the multi-slice method, the specimen is sectioned in several slices,
normal to the incident beam. The thickness of each slice depends on the
specimen thickness. The slices are projected onto a plane within each slice,
at the top, centre or bottom, so that the projected potential is given for each
slice, which is called a phase grating. The electron beam is diffracted by
the first slice plane and the phase and amplitude of the diffracted electron
waves is calculated. The diffracted beams are then allowed to propagate in
the microscope freely, until they are diffracted one more time by the second
phase grating. The scattering calculation is then repeated for each set of
diffracted beams on all planes.
The advantage of the multi-slice approach is that all diffracted beams
are considered in the calculation. Upon scattering by the phase grating,
the electron beam is diffracted into Bragg beams. With increasing thickness
and atomic number of the elements in the specimen, the dynamic exchange
between the Bragg beams increases, so that the electrons are scattered more
than once between slices, and multiple scattering cannot be neglected. By
using the multi-slice method all scattering directions are considered in the
calculation.
The electron wave function at the exit of the n+1 slice can be expressed
as following:
Ψn+1(k) = [Ψn(k)Pn+1(k)]⊗Qn+1(k) (2.29)
where k is a vector in reciprocal space. Pn+1 is the propagator for the n+1
slice, describing the propagation of the electron wave within the microscope,
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and Qn+1 is the phase grating function. Equation 2.29 can also include
the aberrations of the imaging system, including spherical and chromatic
aberration. The spherical aberrations of the objective lens are reproduced
by applying a phase shift to the electron exit plane wave [50].
The Bloch wave method is also used for the calculation of images. In this
approach the exit plane wave is expressed as a sum of Bloch waves, which
are solutions of the Schro¨dinger equation for a periodic crystal potential.
However this approximation is valid for symmetric crystals. Hence, the Bloch
wave method is less suitable to predict imperfections or defects inside the
specimen than the multi-slice approach.
In this work, the JEMS software [59] was used to carry out image sim-
ulations using the multi-slice method. JEMS performs calculations using
both the multi-slice and Bloch wave approach in TEM and STEM, as well
as simulations of diffraction patterns.
2.4.3 Exit Wave Reconstruction (EWR)
As discussed in section 2.3, the exit plane wave function at the exit plane
of the specimen provides all the information about the atomic structure of
the solid. Unfortunately, at the image plane, the electron microscope pro-
vides a complex interference pattern, but not the direct access to the exit
wave. Image simulations can help to deduct the structure of the specimen
by comparison with the experimental images. However, in practice, calcula-
tions require a number of input parameters such as the specimen thickness
and exact defocus which are in general not known. An alternative approach
for the interpretation of images is to recover the exit wave of the specimen.
In order to do so the imaging process of the microscope must be inverted.
This procedure is known as exit wave reconstruction (EWR) or exit plane
wave reconstruction (EPWR) [60]. The EWR procedure is based on the au-
tomated serial acquisition of images with different defocus of the object lens.
The amplitude and phase of the exit wave function is then recovered by nu-
merical reconstruction of the focal-series. Once the EWR is reconstructed,
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the phase of the exit wave is known. If the specimen obeys to the weak
phase approximation, the atomic structure is revealed by the phase contrast
of the reconstructed phase. In addition, it is possible to identify the image
of the focal-series whose intensity best represents the atomic structure of the
specimen. The advantages of using EWR for the interpretation of images are
numerous:
• the reconstructed exit wave function contains the amplitude and phase
of the exit wave. As a consequence the amount of information available
is by far more vast than that of a HRTEM image.
• The reconstructed EWR can be adjusted numerically to remove all
aberrations and imaging artifacts, so that the results are independent
on the microscope conditions;
• for this reason, the resolution of the image can be enhanced up to the
information limit of the microscope.
• In some cases, the signal to noise ratio of the reconstructed EWR can
be improved with respect to the noise level of the focal-series.
Unlike the numerical reconstruction itself, the a posteriori correction of the
reconstructed EWR can be challenging. If carried out with care, this cor-
rection allows for the quantitative analysis of the atomic structure of the
specimen. One possible way to avoid creating artifacts during the numerical
correction of reconstructed EWR is to carry out the calculation of the EWR
using the parameters of the reconstruction, and the aberration values of the
numerical correction.
The recent development of aberration-corrected imaging has allowed to
achieve spatial resolutions (0.1 nm) close to the information limit of the mi-
croscope. By combining EWR with aberration-corrected microscopy it is
possible to gather information on the specimen with the maximum resolu-
tion. In addition, the possibility of correcting for residual aberrations, as
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well as image delocalization effects, numerically a posteriori, is an obvious
advantage.
In this work, the exit wave was reconstructed by using the commercial
TrueImage software [61]. The method applied by TrueImage to perform
the reconstruction of the focal-series is called the PAM-MAL method. This
approach consists in four steps:
• Firstly, the recorded images are aligned with each other using the drift
compensation algorithm which corrects for the mechanical drift be-
tween images. The drift algorithm is based on the cross-correlation
between the image intensities, which changes due to the variation of
the defocus. Hence, the first step is a rough alignment of the images,
and is refined in the following steps of the reconstruction.
• In the second step, a first approximation of the exit wave function is
obtained using the paraboloid method (PAM). This method reverts
the image formation process and distinguishes between the linear and
non-linear contributions (multiple scattering) to the formation process
by exploiting their different defocus behaviour. In fact, by Fourier
transformation of the images of the focal-series, it is possible to select
only the linear contributions to the image which lie on the surface of
a paraboloid in the 3D Fourier space, that represents the exit wave
function. A detailed description of this method can be found in [60].
• The approximated wave function that results from the PAM method
is then refined by applying the maximum likelihood approach (MAL),
which takes into account non-linear terms that may still contribute to
the reconstruction and produce artifacts [60]. In the MAL approach,
the exit wave estimated by the PAM iterations is used to obtain image
simulations of the focal-series. The calculated images are quantitatively
compared with the experimental ones and a new exit wave is obtained
by minimizing the error. This procedure is iterated until the error is
sufficiently small.
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• Finally, the EWR is corrected numerically for the aberrations of the
microscope using a numerical phase plate [61].
2.4.4 Negative spherical aberration imaging
Before the advent of aberration correctors, phase contrast imaging was
carried out under positive spherical aberration combined with negative defo-
cus. Under these imaging conditions, atoms (when resolvable) appear dark on
a bright background. However, thanks to aberration correctors, the value of
the spherical aberration coefficient can be tuned to small positive or negative
values. Recently, an alternative imaging mode to the conventional positive
spherical aberration imaging was introduced called negative spherical aber-
ration imaging (NCSI) [62]. In this image mode, the spherical aberration
coefficient C s is adjusted to negative values so that negative phase contrast
appears (combined with a positive value of ∆f) in the image, where atomic
positions look bright on a dark background. The advantage of imaging under
negative spherical aberration conditions is that of enhancing the image con-
trast with respect to the corresponding positive spherical aberration imaging
conditions. In principle, for a weak phase object, inverting the sign of C s
changes the sign of the phase contrast, but does not yield to any contrast en-
hancement. Within the WPO approximation, amplitude and phase contrast
are treated separately, however, the image contrast is, in general, a convolu-
tion of both mechanisms, even for specimen thicknesses between 1 – 10 nm.
It can be demonstrated that under NCSI conditions the contrast enhance-
ment is due to the contribution of both amplitude and phase contrast [62],
that increase both at the atomic positions. This is due to the effect of the
electron diffraction channelling, according to which the electron wave pene-
trating the specimen is attracted by the positive charge of an atomic string
and is subsequently concentrated on the atomic positions. The effect of chan-
nelling is thickness dependent and gives rise to the amplitude contrast that
adds to the negative phase contrast, leading to an overall contrast increase
at the atomic positions.
79
2. Instrumentation and theory
2.4.5 STEM
In STEM, the wavefunction of an electron probe for a given position rp
in the specimen plane, can be expressed as [51]:
Ψp(r, rp) =
∫
A(k)exp[−i(r− rp) · k]dk =
=
∫
H(k)exp(−iχ(k))exp[−i(r− rp) · k]dk (2.30)
which is the inverse Fourier transform of the aperture function A(k) in the
image plane. In equation 2.30, r is a two-dimensional position vector in the
image plane, k is the corresponding reciprocal space vector and rp is the
position of the probe. The aperture function is defined as the H (k)exp(-
iχ(k)) where H (k) accounts for the aperture shape and exp(-iχ(k)) gives
the phase change induced by the aberrations of the probe forming lenses and
apertures. For this reason, χ(k) is called the aberration function. Equation
2.30 is integrated over the spatial frequency range determined by limiting
aperture defining the angular range of probe. Upon transmission, the probe
function Ψp(r, rp) is modulated by the specimen, which can be described as
a transmission function φ(r). As a result the transmission function will be
approximately:
Ψt(r, rp) = φ(r) ·Ψp(r, rp) (2.31)
The wave observed at the detector plane is therefore given by the Fourier
transform of the product. In the case of a crystalline specimen, it can be
shown that Ψt(r,rp) results in a discrete summation of diffracted discs which
form a convergent beam electron diffraction pattern as shown in figure 2.16.
Each disc of the CBED pattern has a diameter of 2α, where α is the conver-
gence semi-angle of the probe. If the detector area is big enough to collect
overlapping discs, interference effects will give rise to phase contrast and al-
low the images to form coherently. In figure 2.16, it is apparent that the
angular detection range of the BF detector allows to collect the interference
intensity following the overlap of the diffraction discs. Hence, BF imaging in
STEM is practically analogous to BF imaging in conventional TEM.
80
2. Instrumentation and theory
Figure 2.16: Schematic showing the formation of an image in STEM.
Unlike the BF detector, angular detectors have a large detection area,
which allows the interference effects due to the overlapping of the diffracted
beams to be averaged out, so that any coherence effect is cancelled. There-
fore, in ADF imaging it is possible to form images incoherently. In particular,
it can be shown that the intensity of an ADF image can be written as fol-
lowing:
I(r) = |Ψp(r)|2 ⊗ |O(r)|2 (2.32)
where O(r) is the object function, which, in the case of small probe sizes is
related to the projected atomic potential within the specimen, and | Ψp(r) |2
is the intensity of the probe. Equation 2.32 describes the Z -contrast nature
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of the image contrast in ADF imaging. The exact relationship between the
image intensity and the atomic number Z depends on several factors, such
as the thickness of the sample, and the angular detection range but it can be
approximately given by Z n where 1.5 < n < 2.
2.5 Electron energy-loss spectroscopy
2.5.1 The physics of EELS
Along its path through the specimen, the electron beam in a TEM under-
goes both elastic and inelastic scattering. These concepts were introduced
in section 2.2.1 and 2.2.2. Electron energy-loss spectroscopy is the analysis
of the energy lost by the scattered electrons after interacting with the speci-
men. In a typical EELS spectrum the intensity of scattering is plotted as a
function of the energy-loss of the electron beam. An example EEL spectrum
is plotted in figure 2.17.
Figure 2.17: Example EELS spectrum of a carbon thin film (taken from [63]).
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The most intense feature of the spectrum is the zero-loss peak (ZLP) at
0 eV, which arises from the unscattered and elastically scattered electrons.
The full-width-half-maximum (FWHM) of the ZLP is a good approximation
of the energy spread of the electron source and typically represents the energy
resolution of the spectrum [54]. Phonon excitations are also included in the
zero-loss region (10 – 100 meV), but are usually ignored due to the energy
resolution of a TEM instrument (0.1 – 1 eV). The region of the EEL spectrum
between 1 – 50 eV is referred to as the low loss spectrum or valence-loss
region. The spectral features arising in this range are mainly caused by
inelastic scattering events, involving the valence electrons of the specimen.
The interaction of the electron beam with the valence electron density of the
specimen results in collective oscillations known as plasmons, which typically
occur at energy losses ≈ 5 – 25 eV. The fast electrons can also excite single
valence electrons to higher unoccupied states, which can also arise in the
spectrum as interband transitions. The electron beam can also lose energy
by exciting localized inner-shell electrons. Inner-shell excitations occur at
energy losses up to ≈ 1000 eV and contribute to the region of the spectrum
known as the core loss region in the form of so called ionization edges. A more
detailed description of the valence and core regions of the EELS spectrum is
given in the following sections.
2.5.2 Collective electronic excitations
2.5.2.1 Dielectric theory
The interaction of fast electrons with matter can be described as:
• a classical interaction between an electromagnetic field and a dielectric
(Fermi dielectric theory) [64];
• a quantum mechanical interaction between an electron and a target
(Bethe transition rate theory) [65].
The classical approach is typically used to describe the collective excita-
tion of the valence electrons of the specimen, while the quantum mechanical
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approach is generally adopted for single electronic transitions.
In the classical dielectric formulation, the fast electrons are travelling
charges interacting with the electron clouds of the target. The interaction
is described by the response function of the specimen, which is represented
by the dielectric function (q,E). (q,E) is a complex function of both mo-
mentum and energy of the electrons and has a real and an imaginary part,
1(q,E) and 2(q,E) respectively. The dielectric function provides a complete
description of the electronic response of the solid to the electron beam and
is contained in the valence region of the energy-loss spectrum. The relation-
ship between (q,E) and the electron energy-loss probability was derived by
Ritchie in 1975 [66]. In Ritchie′s formulation, the electron beam of velocity
v and position r is viewed as a point charge distribution -eδ(r - vt) that
generates within the target a time-dependent electrostatic potential Φ(r,t)
satisfying the Poisson′s equation:
0(q, ω)∇2Φ(r, t) = eδ(r, t) (2.33)
The solution of this equation is the time-dependent electrostatic potential
that acts on the electron clouds of the specimen. This interaction can be
expressed for an isotropic infinite material in terms of a double differential
scattering cross section:
d2σ
dEdΩ
≈ 1
pi2naa0
1
E0(θ2 + θ2E)
=
[
− 1
(q, E)
]
(2.34)
This expression represents the fraction dσ of electrons with energy dE scat-
tered within the solid angle dΩ. In equation 2.34, na is the number of atoms
per unit volume of the target, a0 is the Bohr radius, E 0 = m0v
2 with m0
rest mass of the electrons, θ is the scattering angle (dΩ = 2pi sin θ dθ) and
θE is known as the characteristic scattering angle and for an electron beam
of velocity v is defined by:
θE =
E
(E0 +mc2)(v/c)2
(2.35)
The dielectric function of the specimen is contained in the final term of the
scattering cross section, called the energy loss function. In a typical EELS
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experiment, the loss function is the most important measured quantity and is
obtained by integrating equation 2.34 over the spectrometer collection angle
2β, which limits the solid angle of scattering.
Figure 2.18: Schematic of the scattering geometry of a STEM-EELS experiment.
Figure 2.18 shows the scattering geometry of an EELS experiment per-
formed in STEM mode. The incident electron beam is formed by coherent
plane waves of scattering vector k0, and is confined in a small probe of con-
vergence 2α. After interacting with the specimen, the fast electrons scatter
and deviate from their initial trajectory of angle θ due to the momentum
transferred to the specimen. The conservation of energy and momentum
requires:
dE = E0 − Ef (2.36)
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and
~q = ~k0 − ~k1 (2.37)
where E f and k1 are the energy and wave vector of the scattered electrons, dE
is the energy-loss and ~q is the momentum transferred to the specimen. The
collection aperture of the spectrometer 2β, selects the amount of electrons
and momenta exchanged contributing to the inelastic scattering cross section.
The maximum momentum exchanged can be found by the relation between
the wave vector q of the momentum transferred and the scattering angle θ
given by the following expression:
q2 = k20(θ
2 + θ2E) (2.38)
This equation is valid for θ  1 rad, or small angle approximation, and for
energy-losses E  E 0 [54]. By expressing the momentum transferred as the
sum of two components, perpendicular and parallel to the electron beam,
equation 2.38 becomes:
q⊥ = k0θ
q‖ = k0θE
(2.39)
In the valence region of the EELS spectrum θE  θ, therefore the momentum
transferred to the specimen is mainly perpendicular to the beam direction. In
a typical STEM-EELS experiment, the collection angle of the spectrometer
is typically larger than the maximum momentum exchanged, therefore q is
usually assumed to be negligible. As a consequence, the loss function in 2.34
becomes only a function of the energy-loss.
2.5.2.2 Volume plasmons
The most intense region of the valence spectrum involves plasmon exci-
tations that arise from the interaction of the electron beam with the valence
electron density of the specimen. In a simple approach, the valence electrons
in a solid can be treated as free electrons constituting a free-electron gas
[54]. The response of the electron gas to an electromagnetic field, such that
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generated by a charged particle, can be modelled using the classical Drude-
Lorentz model [67]. This approach combines the free electron Drude model
of metals that considers the valence electrons of a metal as free particles,
with the Lorentz′s dipole oscillator model for which the electrons oscillate
collectively in response to the perturbing electromagnetic field. To deter-
mine the characteristic angular frequency at which this collective oscillation
occurs, the equation of motion of the displacement x of the electron due to
an oscillating electric field E must be solved:
mx¨ +mΓx˙ = −eE (2.40)
where m is the effective mass of the electron, Γ is a damping constant and E
has the form E = Eexp(-iωt). If completely free electrons are considered, as
in the case of metals, the rest mass of the electron appears in equation 2.40.
However, in the case of bound electrons such as in semiconductors and insu-
lators, the effective mass is used to account for the interaction of the valence
electrons with the ion-core lattice. The second term in equation 2.40 repre-
sents the frictional damping force of the medium. If there was no damping
from the atomic lattice, the collective motion of the valence electrons would
be self-sustaining. In reality the oscillations are highly damped and Γ, or
its reciprocal τ (relaxation time), describes the damping of the electron mo-
tion. By substituting x=x0exp(-iωt) into equation 2.40, a solution for the
displacement is found:
x0 =
eE
m(ω2 + iΓω)
(2.41)
The displacement x of the electron results in the polarization of the electron
gas, given by P=-enx, where n is the number of electrons per unit volume.
By definition of electric displacement D and relative dielectric constant r
the following equations can be written:
D = r0E (2.42)
D = 0E + P = 0E− ne
2E
m(ω2 + iΓω)
(2.43)
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Therefore an expression for the dielectric function is found:
r(ω) = 1− ne
2
0m(ω2 + iΓω)
= 1− ω
2
P
ω2 + iΓω
(2.44)
where
ωP =
[
ne2
0m
]1/2
(2.45)
ωP is the resonance frequency of the plasma oscillation. This volume oscil-
lation is equivalent to a pseudoparticle of energy EP = ~ωP called plasmon.
From equation 2.44 an expression for the real part and the imaginary part
of the complex dielectric function can be written:
1(ω) = 1− ω
2
P
ω2 + Γ2
(2.46)
2(ω) = 1− Γω
2
P
ω(ω2 + Γ2)
(2.47)
The energy-loss function of a Drude metal can be defined using equations
2.46 and 2.47 as the following:
=
[
− 1
(ω)
]
=
2
21 + 
2
2
=
Γω2P
(ω2 − ω2P )2 + (ωΓ)2
(2.48)
where ω is the angular frequency associated to the energy loss E. The loss
function has a strong maximum at ωP at which a volume plasmon excita-
tion occurs. In particular, ωP corresponds to the energy at which 1 passes
through zero with a positive slope and 2 is small. The free-electron gas
model provides an accurate description of plasmon oscillations in metals. In
an insulator or a semiconductor solid, the valence electrons are not com-
pletely free, but are bound to the ion cores by an energy at least equal to
that of the band gap of the material. Bound electrons in an atom are de-
scribed by the Lorentz model as held to the heavy nucleus by springs, which
represent the restoring forces for small displacements from the equilibrium.
Therefore, the restoring force must be overcome before collective oscillations
can occur. In the generalized Lorentz model the dielectric function assumes
the form:
(ω) = 1 +
∑
i
Nie
2/e0m
ω2i − ω2 − iωΓi
(2.49)
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In equation 2.49, ωi and Γi are the characteristic angular frequency and
damping constant of the i th oscillator. N i is the electron density associated
with the i th oscillator. In the case of free-electrons ωi = 0, while in an insulat-
ing solid ωi corresponds to the binding energy of the electrons. Therefore, an
interband transition will occur at ωi. If the band gap transition is considered
the expression of the dielectric function becomes:
(ω) = 1 +
ne2/e0m
ω2g − ω2 − iωΓ
(2.50)
The resonance frequency of the volume plasmon is found by applying the
condition 1 = 0 and 2 = small, so that ωP for bound electrons assumes the
value:
ω2P,bound =
ne2
0m
+ ω2g (2.51)
The volume plasmon in the case of bound electrons is shifted to a higher
energy value.
2.5.2.3 The f -sum rule
The Bethe f -sum rule defines the number of effective electrons contribut-
ing to energy-losses up to a value E. Two forms of this rule exists:
neff [−=(−1)] = 20m
pi~2e2na
∫ E
0
E ′=
[
−1

]
dE ′ (2.52)
and
neff (2) =
20m
pi~2e2na
∫ E
0
E ′2(E ′)dE ′ (2.53)
where na is the number of atoms (or molecules) per unit volume. It can be
shown that neff [-= (−1)] < neff (2) at low energy-loss values, but the two
effective numbers converge at higher energy-loss [54].
2.5.2.4 Surface Plasmons
Upon interaction with an external electromagnetic field, collective oscil-
lations of electrons can be excited both in the volume and on the surface of
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Figure 2.19: Excitation of a surface plasmon at the boundary between a metallic
film and a dielectric.
a solid [54], [68]. Figure 2.19 shows the case of a surface plasmon (or surface
plasmon polariton) forming at the boundary between a metal film with di-
electric function (ω) and a dielectric with 0(ω). Ritchie predicted that the
surface charge density at the boundary oscillates along the surface between
the media as a p polarized (longitudinal) electromagnetic wave [66]. In this
configuration, the charge oscillations lay in the xy plane and are coupled
with the electric fields E x and E z, parallel and perpendicular to the bound-
ary, and the magnetic field H y, perpendicular to the xy plane. The surface
charge density associated with the surface plasmon laying in the xy plane,
parallel to the wave vector kx is shown in schematic form in figure 2.19. The
frequency of the surface oscillations can be determined by imposing the con-
tinuity of the tangential electric field E x across the boundary between the
media. Applying this restriction, it can be shown:
1(ω) + 0 = 1 (2.54)
Substituting in 1(ω) the expression of the dielectric function of a free-electron
gas, equation 2.54 becomes:
ωs =
ωP√
1 + 0
(2.55)
where ωP is the volume plasmon frequency. For a metal film in vacuum,
equation 2.55 becomes ωs = ωP/
√
2. Unlike the tangential component of the
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electric field, the normal component E z is discontinuous across the boundary.
Outside the metal film, the expression of E z is:
Ez ≈ exp[i(kx · x+ kz · z − ωt)] (2.56)
If k z outside the slab is imaginary, E z decays exponentially with z, while
if k z is real, E z has an oscillatory character. In the latter case, the charge
oscillations transport energy outside the slab and the associated plasmons
are called radiative plasmons. In the first case, the charges do not transport
energy and the oscillations are known as nonradiative plasmons. The dis-
persion relation of the surface plasmons in the metal film can be found by
solving the Maxwell′s equations, and it can be shown to be:
kx =
ω
c
√
0 · 1
0 + 1
(2.57)
where kx =
√
0 ω/c is the light line. Figure 5.2 in chapter 5 displays the
dispersion relation of the surface plasmons for a metal film in vacuum. The
radiative modes lie to the right of the light line, while the nonradiative modes
lie to the left. For a metal film of infinite thickness, and for large kx, the
nonradiative plasmon tends asymptotically to the value ωs = ωP
√
2.
2.5.2.5 Kro¨ger theory
Fast electrons can excite nonradiative surface plasmon modes in a large
range of kx. During an EELS experiment, surface plasmon polaritons can
be generated if the electron beam penetrates the film at normal incidence
(transmission trajectory). Alternatively, surface plasmons can be excited
when the electron beam travels outside the specimen, passing in close prox-
imity to the metal foil (aloof trajectory) [54], [68]. In the latter case, only
the surface losses contribute to the scattering probability, which is effectively
a surface loss probability. In the first case, not only surface losses but also
bulk losses contribute to the EELS probability. A classical expression for
the electron energy-loss probability of fast electrons penetrating a thin metal
film was calculated by Ritchie [66] and later extended to the relativistic case
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by Kro¨ger [69]. The Kro¨ger formulation takes into account the relativistic
velocity of the incoming electrons for the calculation of the loss probability.
If the speed of the electron beam in the specimen is greater than the speed
of light in that medium, the electrons lose energy by emitting photons. This
electromagnetic radiation is known as C˘erenkov radiation. The criterion for
the emission of the C˘erenkov radiation can be written as:
v >
c
n(ω)
(2.58)
where v is the speed of the incoming electrons in the specimen, c is the speed
of light in vacuum and n(ω) is the refractive index of the solid. This condition
is usually satisfied for semiconductor materials at the accelerating voltage of
300 kV, which is used in this work [70]. In dielectric films, the electron beam
can further interact with the C˘erenkov radiation and lose energy by exciting
resonating guided light modes. The relativistic formula of the energy-loss
probability calculated by Kro¨ger accounts for all the possible interactions
of the electron beam with the specimen, that can cause bulk and surface
losses, as well as C˘erenkov radiation and surface guided light modes. In the
relativistic formulation, the electron beam is assumed to have a point charge
distribution -eδ(r - vt), at position r and time t. The direction of the beam
is normal to the surface of a specimen of thickness D, and dielectric function
(ω).
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The probability of energy-loss is given by:
∂3P (ω,k⊥)
∂ω∂2k⊥
=
e2
pi2~v2
=
 µ2φ2 ·D − 2k2⊥(− 0)2φ40φ4 ·
φ401
0
sin
2
(
ωD
2ν
)
L+
+
cos2
(
ωD
2ν
)
L−
+ β2λ00 · ων · φ201·(
1
L+
− 1
L−
)
sin
(
ωD
ν
)
− β4ω
2
ν2
· λ0λ·cos
2
(
ωD
2ν
)
tanh
(
λD
2
)
L+
+
sin2
(
ωD
2ν
)
coth
(
λD
2
)
L−



(2.59)
where k⊥ is the wave vector of the perpendicular component of the momen-
tum transferred to the electron beam, 0 the dielectric constant of vacuum
and:
β =
ν
c
µ2 = 1− β2 µ20 = 1− 0β2
λ =
√
k⊥ − ω
2
c2
λ0 =
√
k⊥ − 0ω
2
c2
L+ = λ0+ λ0 tanh
(
λD
2
)
L− = λ0+ λ0 coth
(
λD
2
)
φ2 = λ2 +
ω2
ν2
φ20 = λ
2
0 +
ω2
ν2
φ201 = k
2
⊥ +
ω2
ν2
− (+ 0)ω
2
c2
The bulk losses in equation 2.59 are included in the first term, which is
related to the thickness of the film D. The remaining terms of the equation are
the surface, C˘erenkov and guided modes losses respectively. The resonance
frequency of these modes is obtained by zeroing the denominators of each
term, which contains the expressions of 1 / L±. The energy-loss probability is
obtained by integrating equation 2.59 over the spectrometer collection angle.
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2.5.2.6 Interface plasmons
When the electron beam travels in the aloof trajectory, parallel to the
interface of the metal foil, the electric field associated with the beam pro-
duces a sharp rise of the surface charges, which in turn generate an induced
electromagnetic field that acts back onto the beam, which deviates from its
initial trajectory while losing energy. The relativistic interface loss probabil-
ity can be derived from the general expression of the scattering cross section
for a single planar interface between two media with dielectric functions A
and B, calculated by Garcia Molina in [71].
Figure 2.20: Excitation of an interface plasmon at the boundary between two
media.
The interface is assumed to be infinitely long. The electron beam travels
in medium B (figure 2.20), with constant velocity v, at a distance x 0 from
the interface along the y direction. The expression for the loss probability is
given by:
d2σ
dzdω
=
e2
2pi20~v2
∫ k
0
=
G− 1− A
(
v
c
2
)
αAA
 dky (2.60)
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where:
G =
[
2α2A(A − B)
AαB + BαA
+ (αB − αA)
(
1− A
(
v
c
2
))]
exp(−2α|x0|)
AαA(αA + αB)
where k = (kx, ky, 0) and 0 < ky < k
m
y , with k
m
y defined by the collection
semi-angle. αA and αB are defined as:
αA =
[
ky
2 + kx
2
(
1− A
(v
c
)2)]1/2
αB =
[
ky
2 + kx
2
(
1− B
(v
c
)2)]1/2 (2.61)
The integral in equation 2.60 can only be solved numerically. In alternative to
a numerical formulation, a simpler analytical approach is proposed by Garcia
de Abajo [72], for the case of a thin metal slab in vacuum. Equation 2.60 can
be further simplified by neglecting relativistic effects. The non-relativistic
formula is given for v/c → 0 :
d2σ
dzdω
=
e2
2pi20~v2
{
=
(
− 1
B
)[
ln
kmy v
ω
−K0
(
2ωx0
v
)]
+
=
( −2
A + B
)
K0
(
2ωx0
v
)}
(2.62)
where K 0(y) is a modified Bessel function of second kind, replacing the in-
tegral in equation 2.60. In equation 2.62, the loss function = (-1/B) is the
bulk term, while = [-2/(A + B)] is the surface term associated with the
excitation of the interface plasmon. The contribution of the bulk plasmon to
the scattering cross section increases with increasing distance x 0 from the in-
terface, while the surface contribution decreases exponentially. The increase
of the bulk probability at the expenses of the surface loss probability is called
Begerzung effect. Upon this effect, the contribution of the surface plasmon is
negligible beyond a certain distance from the interface inside the specimen.
In the aloof case, B = 1. By substituting this value into equation 2.62, the
expression of the loss probability in aloof geometry is found. Outside the
specimen, the surface probability peaks at the interface and decay exponen-
tially in vacuum, while the bulk contribution is expected to become negligible
at the interface.
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2.5.3 Single electronic excitations
2.5.3.1 Ionization edges
The interaction of the electron beam with the inner shells electrons of a
solid can promote an atomic electron from its initial state to an unoccupied
state above the Fermi level if a minimum amount of energy is transferred.
This minimum energy is called the critical ionization energy E c and is the
energy required by the electron to overcome the binding energy to the nucleus
and ionize the atom. The excitation of localized inner shells electrons result
in the appearance of ionization edges in the core loss spectrum. An ionization
edge is characteristic of an atomic species as the critical ionization energy is
characteristic of the atomic element and the electron shell. An expression
for the probability that an ionization event occurs is given by the double
differential scattering cross section of inelastic scattering derived quantum
mechanically using Bethe theory [65]. In the one-electron approximation
(the effect of the core-hole pair on the atomic electrons is neglected) the
probability of scattering has the form:
d2σ
dEdΩ
≈ γ
2
q4
×
N∑
j=1
|〈Ψi|exp(iq · rj)|Ψf〉|2 ρ(E) (2.63)
where γ is the relativistic factor for a particle of velocity v, given by (1 -
v 2/c2)−1/2, q is the momentum transferred of wave vector q, r is the coordi-
nate of the atomic electron, and Ψi, Ψf are the initial and the final electronic
states obtained by solving the Schro¨dinger equation and ρ(E ) is the density
of states (DOS). Given that the maximum momentum transferred is small
due to the large spectrometer collection angle, q becomes small and the ex-
ponential term in equation 2.63 can be Taylor-expanded as follows:
exp(iq · r) = 1 + iq · r − 1
2!
(q · r)2 + · · · (2.64)
The first part of the expansion disappears as the initial and final states are
orthogonal to one other and within the dipole approximation the high order
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terms in equation 2.64 can be neglected. Thus, the differential scattering
cross-section 2.63 becomes:
d2σ
dEdΩ
≈ γ
2
q4
×
N∑
j=1
|〈Ψi|(iq · rj)|Ψf〉|2 ρ(E) (2.65)
Equation 2.65 is known as the dipole approximation. Under the dipole ap-
proximation, the probability that an inner shell electron is promoted to a
higher energy level depends on the energy distribution of the atomic unoccu-
pied states, which is characteristic of the atom and its bonding environment.
The basic shape of an ionization edge is given by the matrix element in
equation 2.65, which defined the allowed final states. The variation in the
scattering intensity observed above the onset of an ionization edge, known
as the energy-loss near edge structure (ELNES), is given by the DOS term,
which is characteristic of the local bonding of the ionised atom. For the in-
tensity of the ionization edges not be zero, the matrix element in equation
2.65 must be non-zero. Under the dipole approximation, the matrix element
is non-zero only if the difference between the angular momentum quantum
number (l) of the final state and the initial state is 1 (∆l = ± 1), known
as the dipole selection rule. In other words, only transitions from initial to
final states of different symmetry are allowed. In addition, the initial and
the final states must spatially overlap, i.e. the final state must be localized
on the atom. Therefore, for the dipole allowed transitions, the fine structure
of the ionization edge provides a measure of a site- and symmetry- projected
density of states [48]. In this work, the main ionization edges of interest are
the M2,3 edges of Ti. The initial and final states correlated to these edges
are summarized in table 2.1.
Table 2.1: Ionization edges M2,3 of Ti
Edge Initial state n l j Final state symmetry
M2 3p1/2 3 1 1/2 s or d
M3 3p3/2 3 1 3/2 s or d
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2.5.3.2 Interband transitions
Inelastic interactions in a solid can also involve outer shells electrons.
Unlike inner shells electrons that are strongly localized around the nucleus
of an atomic species, outer shells electrons are delocalized in the atomic
lattice. As a consequence, electronic transitions occur between electronic
bands rather than individual electronic states. In addition, due to the low
binding energy of the valence electrons to the atomic nucleus, there is a
considerable degree of overlap between the initial and final states of the
electronic transitions. For this reason, the scattering cross section of an
electronic transition can be modified as :
d2σ
dEdΩ
≈ γ
2
q4
×
N∑
j=1
|〈Ψi|exp(iq · rj)|Ψf〉|2 ρjoint(E) (2.66)
where ρjoint(E ) is the joint density of states, which is a convolution of the
valence and conduction density of states. Valence to conduction band tran-
sitions (interband transitions) occur at maxima in the JDOS. The dielectric
formulation relates the double scattering cross section to the loss function
= [- 1/ (E )]. The loss function is in turn proportional to the imaginary
part of the dielectric function. Therefore, in the dipole approximation, 2 is
approximately given by :
2 ≈ γ
2
q4
×
N∑
j=1
|〈Ψi|(iq · rj)|Ψf〉|2 ρjoint(E) (2.67)
If the matrix elements can be considered slowly varying with energy, critical
points in the JDOS relate to sharp peaks in 2, which in turn can be identified
as interband transitions.
2.6 Density functional theory simulations of
the EELS spectrum
Different theoretical approaches exist to simulate the EELS spectrum in
the low energy loss region. The classical dielectric formalism, discussed in
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2.5.2.1, is widely used to explain the interaction of fast electrons with mat-
ter and predict the probability of scattering of an EELS experiment. This
simple formalism has been recently extended to the case of inhomogeneous
dielectrics, such as spheres, cylinders, wedges and more complicated geome-
tries. Both analytical and numerical approaches are available for a vast
number of sample geometries [72]. The implementation of these methods
is often not directly accessible for complex experimental geometries, due to
the lack of commercially available tools. An alternative theoretical approach
for the simulation of the EELS spectrum is density functional theory. Al-
though DFT does not provide a simple approach for the simulation of the
loss probability in inhomogeneous samples and complex nanostructures, it is
a commercially accessible tool for the calculation of the EELS spectrum in
bulk specimens. In this work, the WIEN2k code [73] was used to simulate
the EELS spectrum of bulk TiO2. In the following paragraphs a brief intro-
duction of density functional theory is presented together with a discussion
of the basic concepts needed to simulate the EELS spectrum.
2.6.1 Density Functional Theory
First principles calculations of the EELS spectrum based on density-
functional theory are also known as bandstructure methods. These meth-
ods have been used as a first attempt to obtain electronic spectra and have
obvious limitations in describing excited electronic states [74]. Nevertheless,
in many cases the calculated energy-loss probability agrees well with the
experiments and provides an insight into the main features of the spectrum.
Density functional theory is a quantum mechanical solid state theory to
predict the ground-state properties of a many-body system, of N electrons.
It is particularly successful because it is based on the evaluation of the elec-
tron density rather than relying on a complete knowledge of the N -electron
wave-function. This means that for N interacting electrons in an external
potential, the basic variable of the system depends only on the three spatial
coordinates rather than 3N degrees of freedom. The traditional formulation
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of DFT starts with the two theorems of Hohenberg and Shown [75]. The first
theorem establishes a one-to-one correspondence between the ground-state
density ρ(r) of a many-electron system and the external potential V ext(r)
given by the nuclei (Born-Oppenheimer approximation). Thus the ground-
state energy of the system can be written as a functional EVext [ρ] of the
ground-state electronic density. The second theorem allows to make use
of the variational principle to find the ground-state density. In particular,
the ground-state density corresponding to the external potential V ext(r) is
the one that minimizes the ground-state total energy functional EVext [ρ]. In
practice, an expression for EVext [ρ] is not known. A successful procedure to
deal with this problem and obtain the ground-state density has been pre-
sented by Kohn and Sham. The fundamental assumption of this strategy
is to introduce a reference system of noninteracting electrons in an external
potential, V KSeff (r) , whose ground-state density coincides with the one of the
physical system. It can be shown that the exact ground-state density of the
noninteracting system can be written as:
ρ(r) =
N∑
i=1
Ψi(r)
∗Ψi(r) (2.68)
where the single-particle wave functions Ψi(r) are the solutions of the self-
consistent Kohn-Sham equations:[
−1
2
∇2 + VH(r) + Vxc(r) + Vext(r)
]
Ψi(r) = iΨi(r) (2.69)
with V KSeff (r) = V H(r) + V xc(r) + V ext(r), where V H(r) is the Hartree po-
tential, V xc(r) is the exchange-correlation potential that contains all many
body effects, and V ext(r) is the external potential that stems for the electron-
ion interaction. As the form of the exchange-correlation term remains un-
known, approximations are needed to obtain its expression. The extent of
these approximations determines qualitative failures in the predicted prop-
erties, such as underestimation of the bandgap and excitation energies.
Once the Kohn-Sham equations have been solved, an expression for the
imaginary part of the complex dielectric function of the system can be found
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using the Kohn-Sham orbitals Ψi(r) and eigenvalues i in the form [74]:
2(ω) ≈ 4pi
2
ω2
∑
v,c
|〈Ψc|exp(iq · r)|Ψv〉|2 δ(ω − c + v) (2.70)
where q is the electron momentum, r is the position of the atomic electron
and the sum runs over both the initial valence and final conduction states.
If the matrix elements in equation 2.70 are kept constant, it is possible to
estimate 2 by calculating the joint density of states using the eigenvalues of
the Kohn-Sham Hamiltonian. Maxima in the JDOS correspond to maxima
in 2 and identify sharp peaks in the energy-loss function with interband
transitions occurring in the specimen. The energy-loss function is given by:
−=[−1JDOS(ω)] =
2,JDOS(ω)
{2,JDOS(ω)}2 + {1,JDOS(ω)}2
(2.71)
where 1 is obtained from 2 via the Kramers-Kronig relations (see section
2.7.2). Although equation 2.71 shows an overall good agreement with exper-
imental spectrum, it is not sufficient to interpret the experimental data. The
main problem with this approach stems for the neglect of the matrix ele-
ments in equation 2.70 (and subsequently 2.71) which describes the coupling
between the initial and the final states. As a matter of fact, the results of ab-
initio calculations in the framework of density-functional theory are mostly
limited to electronic ground state quantities. This is due to the neglect of
additional phenomena that occur in the excited state, such as local field and
exchange-correlation effects [74]. Today, in the solid state ab-initio frame-
work, two main approaches can be used to describe electronic excitations:
the Green′s function approach within the many-body perturbation theory
and the time-dependent density-functional theory (TDDFT)[74].
2.6.1.1 The OPTIC program
To simulate EELS spectra the WIEN2k code implements the OPTIC
package [76]. To understand the theoretical background of this package
few basic concepts of time-dependent density functional theory (TDDFT)
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are needed. In TDDFT, electronic excitations in solids are predicted by
determining the response of the electron system to a time-dependent elec-
tromagnetic perturbation caused by the incoming electrons. As such, the
calculation is reduced to the estimation of a response function called the
complex dielectric tensor or equivalently the polarizability. An exact expres-
sion of the response function is not known and needs to be formulated. The
simplest approximation of the dielectric function is called the random phase
approximation (RPA) [74]. In principle the microscopic dielectric function
(r, r′, ω) can be written, Fourier transformed, as a matrix with elements
GG′(q,ω), where G is a reciprocal lattice vector and q is the momentum
transfer within the first Brillouin zone. Using this formulation, it can be
shown that an expression for the inverse dielectric function is given by:
−1GG′(q, ω) = δGG′ + Vc(q + G)χGG′(q, ω) (2.72)
where V c is the Coulomb potential, and χ the polarizability of the system.
Thus, the loss function can be written as:
−=[−1GG′(q, ω)] = −=[1 + Vc(q + G)χGG′(q, ω)] (2.73)
The polarizability χ is given by the Dyson-like equation:
χ = χ0 + χ0(Vc + fxc)χ (2.74)
where χ0 is the independent-particle polarizability and f xc is the so called
exchange-correlation kernel. The exact form of f xc is not known and an ad-
equate expression for this term needs to be found. By setting f xc to zero,
one obtains the random phase approximation (RPA) where exchange and
correlation effects in the electron response are neglected. In RPA, the polar-
izability χ of the system is replaced by the independent-particle polarizability
χ0, which can be written as a sum of independent transitions over excitations
from occupied to unoccupied bands [74], [76]:
χ0GG′(q, ω) =
∑
n′,n,k
f0(n,k+q)− f0(n′,k)
n,k+q − n′,k − ω [M
G
n′,n(k,q)] ∗ [MG’n′,n(k,q)] (2.75)
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where the matrix elements are defined as:
MGn′,n(k,q) = 〈n′,k|e−i(q+G)r|n,k + q〉 (2.76)
In inhomogeneous systems such as periodic solids, the inhomogeneity of the
electron response gives rise to the so-called local field effects (LFE) and
GG′(q,ω) cannot be considered as being purely a diagonal matrix. There-
fore, its off-diagonal elements need to be considered in order to evaluate the
inverse dielectric function and subsequently the loss function. If the approx-
imation GG′(q,ω)≈ 1/GG′(q,ω) is made, local field effects are neglected
and the loss function is evaluated within the so-called random phase approx-
imation (RPA) without local field effects (LFE). When LFE are neglected
and the transition-matrix elements in χ0 are kept constant, the widely used
approximation of the loss function proportional to the JDOS is obtained.
2.7 Quantitative analysis of the EELS spec-
trum
2.7.1 Fourier-log deconvolution
In order to extract (E) from the energy-loss spectrum, the electron in-
tensity integrated over the energy-loss range must contain single scattering
events only (see next section). However, in general, electrons undergo more
than one scattering event within the specimen. In particular, the integrated
intensity corresponding to scattering of order n follows a Poisson distribution
[54]:
In = IPn =
I
n!
(
t
λ
)n
exp
(
− t
λ
)
(2.77)
where I is the integrated intensity summed over all orders, Pn is the prob-
ability of n scattering events within a specimen of thickness t and λ is the
mean free path for inelastic scattering (average distance of the electrons be-
tween two consecutive scattering events).
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Single scattering corresponds to n = 1, hence the intensity distribution of
the single scattering (SSD) has the form:∫
SSD(E)dE = I1 = I
(
t
λ
)
exp
(
− t
λ
)
= I0
(
t
λ
)
(2.78)
Due to the finite energy resolution of the electron source, the experimental
single scattering distribution is given by the convolution of the SSD and a
resolution function R(E ):
J1(E) = R(E)⊗ SSD(E) =
∫ ∞
−∞
R(E − E ′)S(E ′)dE ′ (2.79)
where R(E ) has unit area and a full-width-half-maximum equal to the exper-
imental energy resolution, ∆E. Similarly, the experimental double scattering
intensity is:
J2(E) = R(E)⊗ SSD(E)⊗ SSD(E)
2!I0
(2.80)
Finally, the recorded experimental spectrum, including the zero-loss peak
Z (E ), can be written in the form:
J(E) = Z(E) + J1(E) + J2(E) + J3(E) + · · ·
= Z(E)⊗
[
δ(E) +
SSD(E)
I0
+ SSD(E)⊗ SSD(E)
2!I20
+ · · ·
]
(2.81)
Taking equation 2.81 in Fourier space:
j(ν) = z(ν)
{
1 +
s(ν)
I0
+
[s(ν)]2
2!I20
+
[s(ν)]3
3!I30
+ · · ·
}
= z(ν)exp
[
s(ν)
I0
]
(2.82)
where the Fourier transform of each term is indicated by the equivalent lower-
case symbol and ν is the frequency in eV−1. Inverting equation 2.82, the
single scattering intensity is obtained by:
s(ν) = I0ln
[
j(ν)
z(ν)
]
(2.83)
In practise, s(ν) is an ideal single scattering distribution to recover. This
is because at high frequencies j (ν) is usually dominated by noise, as well
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as z (ν), so that the noise content of j (ν) is amplified at high frequencies.
To avoid the effect of noise amplification, J 1(E ) is recovered by means of a
reconvolution function G(E ) as follows:
j1(ν) = g(ν)s(ν) (2.84)
in Fourier space. In this work, the reconvolution function was chosen as the
recorded zero-loss peak Z (E ) [79], [54] so that j 1(ν) is recovered as follows:
j1(ν) = z(ν)ln
[
j(ν)
z(ν)
]
(2.85)
2.7.2 Kramers-Kronig analysis
The Kramers-Kronig analysis consists in a series of steps that enable the
extraction of the complex dielectric function from the EEL spectrum. The
dielectric formulation described in section 2.5.2.1 allows to relate the single
scattering distribution to the dielectric function of the specimen as follows
[54]:
SSD(E) =
2e2I0t
pi~2v2
=
[
− 1
(E)
]
ln
[
1 +
(
β
θE
)2]
(2.86)
where I 0 is the zero-loss intensity, t is the sample thickness, v is the speed of
the electron beam, β the collection semi-angle of the spectrometer and θE =
E/γm0v
2 the characteristic scattering angle for a certain energy loss, where
γ is the relativistic factor. The left-hand side of equation 2.86 is the acquired
spectrum after removing of the ZLP and the multiple scattering. In the
right-hand side of equation 2.86, the first term is the so called normalization
factor N, and the second term is the loss function. The last term is the
angular correction that accounts for the finite collection angle of the EELS
experiment. The Kramers-Kronig analysis consists of five steps which can be
summarized as follows:
• removal of the ZLP;
• removal of the multiple scattering;
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• angular correction;
• normalization;
• use of the Kramers-Kronig relations for the determination of the real
and imaginary parts of the dielectric function.
The last of the five points is often called Kramers-Kronig analysis, rather than
the entire routine. The most critical steps of the Kramers-Kronig analysis
are the removal of the ZLP and multiple scattering. In fact, the reliability of
the results strongly depend on the accuracy of the removal procedures [70],
[77], [78]. Some of the challenges related to the removal of the ZLP are de-
scribed in chapter 4. The Fourier-log deconvolution algorithm has the known
disadvantage of amplifying high-frequency noise, as it involves dividing by
the Fourier transform of the acquired spectra. In fact, the experimental data
can differ from zero by an amount less than the measurement error. Dividing
by a number that is indistinguishable from zero can produce artefacts. The
normalization of the energy-loss function is, in general, made via the optical
refractive index,n, as follows:
<
[
1
(0)
]
= 1− 2
pi
∫ ∞
0
=
[ −1
(E)
]
dE
E
=
= 1− 2
pi
∫ ∞
0
I(E)
N
dE
E
=
1
n2
(2.87)
where I (E ) is the not-normalized loss function. Sto¨ger-Pollach [80] observed
that the refractive index is in general not known in the case of nanostructures.
Therefore an alternative procedure for the normalization of the loss function
needs to be used. The normalization factor can be either achieved using the
plasmon free path,λP , or the sample thickness. The Kramers-Kronig trans-
formation can be used to extract the function <[-1/] from the normalized
energy-loss function as follows:
<
[
− 1
(E)
]
= 1− 2
pi
P
∫ ∞
0
=
[ −1
(E ′)
]
E ′dE ′
E ′2 − E2 (2.88)
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where P denotes the Cauchy principal part of the integral. The complex
dielectric function is then given by:
(E) = 1(E) + 2(E) =
<[1/(E)] + i=[1/(E)]
{<[1/(E)]}2 + {=[1/(E)]}2 (2.89)
From the expression of the complex dielectric function, all optical properties
can be deducted. In fact, the refractive index n and the extinction coefficient
k are related to the dielectric function by and 1 = n
2 - k 2, 2 = 2nk [54].
Therefore, it is possible to compare the optical properties determined via
Kramers-Kronig analysis from an EEL spectrum with those obtained from
optical measurements. In an EELS experiment, the incoming electron pro-
duces a longitudinal displacement of the electron density and the probed di-
electric function is the longitudinal response function [54], [81]. On the other
hand, the displacement caused by an electromagnetic wave occurs perpen-
dicularly to the direction of propagation. Therefore, the optically measured
dielectric function is the transverse response function. However, in the limit
of small momentum transferred (dipole approximation) the longitudinal and
transverse dielectric responses become identical.
2.8 Summary
The basic principles behind image formation in TEM and STEM modes
were described in this chapter, together with a summary of the working
principles of the main components of the transmission electron microscope.
In particular, the FEI Titan microscope was described in more detail, as the
main tool of investigation used in this work. Finally, the theory of electron
energy-loss spectroscopy was introduced in this chapter.
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Chapter 3
Structural characterization of
TiO2 nanoplatelets and
nanorods
3.1 Introduction
The unique optical and electronic properties of low-dimensional TiO2
anatase nanostructures are largely determined by their size, shape and crys-
tal structure [6]. In most nanostructured titania applications, it is highly
desirable to promote electron transport and facilitate reactions at the sur-
face/interface of interacting media. These requirements are largely fulfilled
by engineering structures with nanometric size, controlled morphology and
a high degree of crystallinity. Nanostructures have large surface areas and
thus provide a large number of active sites at the surface. The specific sur-
face area, and surface to volume ratio, increases dramatically as the size of
the materials shrinks to nanometres, while the density of active sites at the
surface is largely determined by the morphology of the crystal and the type of
crystal facets exposed. Thus, structural investigation is essential to charac-
terize size, shape, crystallinity and morphology evolution of the crystal facets
during growth. Here, a detailed morphological study of anatase nanostruc-
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tures in the form of nanoplatelets and nanorods is presented and examined,
using high resolution aberration-corrected TEM. This study is followed by
a more detailed investigation of the atomic structure by the analysis of the
specimen exit wavefunction, which has been reconstructed from focal-series
of HRTEM images. A brief description of the synthesis, growth process and
TEM sample preparation follows in the next session.
3.2 Synthesis and sample preparation
Anatase nanomaterials are generally synthesized by wet-chemical ap-
proaches [6]. Both hydrolytic and non-hydrolytic reactions of titanium com-
pounds have been used to obtain one and two-dimensional nanostructures
of anatase. Typical titanium precursors are titanium tetrafluoride (TiF4)
[13], [14], titanium tetrachloride (TiCl4) [82], titanium tetrabutoxide [17],
[18] and titanium tetraisopropoxide [14], [82]. The control of size, shape
and surface chemistry is achieved through the addition of structure direct-
ing agents (SDAs), mostly organic surfactants such as carboxylic acids and
amines, during the synthesis.
Hydrolytic reactions usually involve the hydrolysis of a titanium precursor
compound by the water present in the aqueous solution. Recently, hydrolytic
reactions in aqueous hydrofluoric acid (HF) have proven successful for the
synthesis of anatase nanostructures with sheet-like morphology. Theoretical
studies reported that the fluorine present in the HF lowers the surface energy
of the {001} facets below that of the {101} facets and acts as the structure
directing agent [13]. Amongst hydrolytic reactions, alternative sources of flu-
orine have also been explored without the use of HF [14], which is hazardous
to handle.
Non-hydrolytic methods usually involve the reaction of a titanium organic
compound, such as titanium alkoxide and/or titanium halides, in a non-
aqueous medium [6]. Reactions of this type have recently been explored
to produce sheet-like anatase nanocrystals [16] and have more commonly
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been used to synthesize one-dimensional structures such as nanorods and
nanowires [6].
In this work, one-dimensional nanorods and two-dimensional nanoplate-
lets of TiO2 anatase were received in powder form from the Department of
Chemistry at Imperial College London, as synthesized by Dr. Robert Menzel
[82], [14]. A brief description of the synthesis follows hereafter together with
the discussion of TEM sample preparation.
Two-dimensional TiO2 anatase nanoplatelets were obtained through the
hydrolytic reaction of titanium (IV) isopropoxide (Ti(OiPr)4), TTIP, in aque-
ous hydrofluoric acid (HF). The synthesis was carried out in a lined stainless
steel autoclave for 24 h at 180◦C inside an electric oven, and left to cool
overnight. The resulting white precipitate (1g) was washed by bath soni-
cation in 30 ml of 2-propanol and centrifuged at 17000g for 20 min. This
procedure was repeated three times. A more detailed description of the
synthesis parameters can be found in [14]. The formation of TiO2 anatase
nanoplatelets occurs according to the following hydrolysis reaction:
Ti(OiPr)4 + 2H2O
HF, 180◦C−−−−−−→ TiO2 + 2iPrOH (3.1)
The hydrolysis of the titanium alkoxide by the water present in the concen-
trated HF occurs at a first stage of the reaction and is followed by alkoxolation
and condensation to produce Ti-O-Ti networks. Menzel et al. [14] observed
that hydrolysis is not the only reaction playing an important role in the
formation of the platelets but additional reaction pathways also contribute
to the synthesis. Thus, the formation of TiO2 nanoplatelets in hydrolytic
reactions is determined by an initial partial hydrolysis of TTIP followed by
secondary reactions that complete the conversion of TTIP into TiO2, while
the structure directing agent effect of the fluorine forces the nanostructures
to assume the characteristic sheet-like square shape.
One-dimensional TiO2 anatase nanorods were synthesized through a non-
hydrolytic reaction of titanium tetrachloride (TiCl4) and titanium tetraiso-
propoxide (Ti(OiPr)4), TTIP, in the presence of oleic acid acting as the SDA
surfactant. The reaction was performed into two stages: a first nucleation
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stage at low temperature at 110◦C and a second crystallization stage at high
temperature at around 300◦C, in which additional TTIP is injected. The
overall reaction is :
TiCl4 + Ti(O
iPr)4
oleic acid, heptadecane−−−−−−−−−−−−−→ 2TiO2 + 4iPrCl (3.2)
Further details on the synthesis can be found in [82]. During the low tem-
perature stage of the reaction, the titanium precursors TiCl4 and TTIP form
stable titanium oleate complexes that react to produce amorphous, spheri-
cal TiO2 nanoparticles capped by oleic acid (figure 3.1). These amorphous
particles subsequently crystallize into primary anatase nanocrystals during
the second stage of the reaction at higher temperature. If no extra TTIP
is injected, the primary formed nanocrystals, having truncated bipyramidal
morphology, aggregate along the {001} facets to form rod-like shapes. This
growth mechanism is also referred as to oriented attachment [83], i.e. the ag-
gregation and fusion of primary formed nanoparticles along a specific, com-
mon crystal facet. When extra TTIP is added to the reactants, the primary
anatase nanocrystals crystallize into rods via classic preferential growth along
the {001} facets (promoted by the structure directing agent effect of the oleic
acid) alongside the oriented attachment. Classic preferential growth occurs
via atom-by-atom addition to an existing crystalline core along a preferred
crystallographic orientation [83], thus favouring the overgrowth by titanium
monomer addition of the nanorods edges, which become smooth and uniform.
In summary, the overall formation of the nanorods occurs via a combination
of oriented attachment of primary anatase nanocrystals and classical growth.
A schematic of the described crystallization process is shown in figure 3.1.
TEM sample preparation of the anatase nanoplatelets and nanorods was
carried out on the as-received powders after careful pre-washing treatments,
as described in the following paragraphs. Platelet samples (20 mg) were
washed with water by bath sonication in 10 ml of 1 mM NaOH solution
for 15 min, followed by centrifugation at 17000g for 30 min. Washing steps
were repeated until a neutral pH was reached (usually three repetitions)
in the solution. The described washing treatment ensures that residual car-
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Figure 3.1: Schematic of the oriented attachment growth mechanism of anatase
nanorods (taken from [82]).
boxyl ligands and fluorine atoms present on the platelets surface are removed.
Bonding between carboxyl groups and atoms at the surface of the platelets
can easily be broken by the electron beam in the TEM at typical voltages of
200 and 300 kV. As a consequence, the carboxyl groups can diffuse on the
surface of the platelets and form contamination. Further details of platelets
contamination are given in chapter 5.
The nanorods samples were subjected to various washing treatments de-
pending on the experiment. The washing procedures performed prior to
EELS measurements are described in chapter 6, where the origin of the con-
tamination during EELS is discussed. For TEM imaging, nanorods samples
were prepared using a so called ligand exchange procedure. The as-received
nanorods powder consists of an high percentage (26 %wt) of organic content
due to capping with oleic acid [82]. In order to remove the excess of oleic
acid originally present in the reaction products, the as-received powders (10
mg) were dispersed in 10 mL of heptane and mixed in 10 ml of 1 mM NaOH
aqueous solution. Due to immiscibility of organic and aqueous solvents, two
distinct phases were obtained after mixing. The two phases were left stirring
for 12 h at a temperature of 60◦C to allow exchange of the surface ligands
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at the interface between the liquid phases. After stirring, the organic and
aqueous phases were allowed to separate for 12 h. Once separated, the aque-
ous solution containing the precipitated rods was carefully collected with a
syringe and immediately deposited onto the TEM grid.
3.3 Experimental details
Platelets and rods TEM samples were prepared by drop-casting the washed
solutions onto a 300 mesh carbon-coated copper TEM grid, followed by dry-
ing at room temperature in air. For TEM imaging, hydrocarbon contami-
nants present on the surface of the specimens were removed by plasma clean-
ing (Solarus plasma cleaner, Gatan UK) for 20 s using a hydrogen-oxygen
(H2/O2) mixed plasma.
Characterization of the samples was carried out in a JEOL 2010 mi-
croscope fitted with a LaB6 filament operated at an accelerating voltage of
200 kV. Acquisition of HRTEM images and focal-series was performed in
an aberration-corrected FEI Titan microscope operated at an accelerating
voltage of 300 kV and a FEG extraction voltage of 4.5 kV. For aberration
correction, the standard Zemlin tableau method was implemented on amor-
phous carbon regions of the specimen by tilting the beam angle from 18 to
24 mrad. Two separate measurements were performed when in SA (selected
area) or Mh (high magnification) magnification mode. Specifically, for the
SA magnification mode, aberration correction takes place at the aperture
plane, where TEM images are formed, while in the Mh mode aberration cor-
rection occurs above the selected area aperture (Mh images are formed at a
plane just above the SA aperture).
Prior to acquisition of focal-series, specimens were brought to focus by
setting ∆f = 0, moving the sample to the eucentric height. Focal-series
acquisition was executed in a semi-automated experiment by the TrueImage
Professional software package by FEI, varying the defocus value as stated in
the details for individual measurements. For the reconstruction of the exit
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plane wave function the TrueImage Professional software was also used. The
following microscope input parameters were chosen for all reconstructions:
Table 3.1: Microscope input parameters for EPW reconstruction.
Microscope parameters
Accelerating voltage 300 kV
Convergence semi-angle 0.1 mrad
Information limit 0.070 nm
Modulation Transfer Function (MTF) 0.15
The value of the spherical aberration coefficient Cs was measured after
aberration correction and it is stated in the details of each experiment. The
sampling rate of the image (nm/px) was taken as the image calibration chosen
during the experiment. The convergence semi-angle α was chosen to be
0.1 mrad as it is assumed that TEM illumination is not perfectly parallel.
For all reconstructions the parameters listed in table 3.2 were chosen.
Table 3.2: Input parameters for the numerical reconstruction of the EPW.
Reconstruction parameters
Reconstruction limit 0.1 nm
Vibration amplitudes 0
PAM iterations 2
MAL iterations 20
Image alignment method Low frequency
The reconstruction limit indicates the spatial frequency value below which
the reconstruction algorithm should retrieve information. This value was cho-
sen to be reasonably close to the information limit of the microscope. The
mechanical vibrations of the microscope were considered irrelevant during
acquisition of the focal-series. The maximum number of PAM iterations
(Paraboloid method, chapter 2) was set as 2, whereas the maximum num-
ber of MAL iterations (see chapter 2) was chosen as 20. Finally, the image
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alignment method was chosen to be low frequency. The experimental focal-
series was corrected for drift during acquisition by the Drift Compensation
algorithm implemented in the TrueImage software. Further reconstruction
details, such as sampling area, starting defocus and focus increment are in-
dicated in the details of each experiment.
The reconstructed EPW was corrected for residual aberrations using a
numerical phase plate following the procedure proposed by Thust [84]. In
TrueImage numerical aberration correction is automated for defocus, 2-fold
astigmatism and coma. An estimate of defocus and 2-fold astigmatism is
obtained by a numerical minimization of the real part contrast of the EPW.
This is because for a weak phase object the real part of the exit wavefunction
is constant, thus the EPW should always show a minimum in the real part
contrast. If the 3-fold astigmatism aberration value is known (e.g. evalu-
ated by the Zemlin tableau method), numerical determination of the coma
aberration value is extracted from crystalline regions of the sample provided
that the object is centrosymmetric [84]. As a general rule, for residual aber-
ration correction of the reconstructed EPW, the aberration values measured
by the Zemlin tableau method were chosen as first estimates. Subsequently,
numerical aberration correction was performed in order to account for the
degradation of the aberrations values during acquisition of the focal-series,
besides inaccuracy of the Zemlin tableau method. However, numerical cor-
rection can fail if the weak phase approximation does not hold. In this case,
residual aberrations were corrected independently by varying the aberration
value and the azimuth tilt in an aberration-movie.
HRTEM image simulations were performed in Jems using the multislice
method as described in the instrumentation chapter. The input parameters
used for all image simulations are listed in table 3.3. The defocus value, thick-
ness (number of slices), sampling region (number of unit cells), aberrations
and noise level are stated in the details for each experiment.
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Table 3.3: Input parameters of multislice image simulations by Jems.
Simulations parameters
Acceleration voltage 300 kV
Convergence semi-angle 0.1 mrad
Vibration amplitudes 0
Information limit 0.070 nm
3.4 General aspects of growth
In this section, the microstructure of anatase nanoplatelets and nanorods
is characterized by bright field TEM imaging and selected area electron
diffraction (SAED). Additional X-ray diffraction and energy dispersive X-
ray characterization can be found in [14], [82].
Platelet samples typically have square (or rectangular) shapes with edge
lengths varying between 20 – 80 nm, as shown in figure 3.2 (a). The edge
length distribution is reported in the histogram graph in figure 8.1, in Ap-
pendix A. The indentation occasionally observed at the corners of the na-
nostructures is possibly due to etching during the synthesis. Examples of
platelets etching are shown in figure 3.2 (a1), (a2). Square shapes were not
the only type found in the samples. Rhombohedral shapes were also present,
as shown in figure 3.2 (b). The edge length of these structures also vary
between 20 – 80 nm, while the angle between contiguous edges changes de-
pending on the shape. Finally, a third type of platelet shape was observed in
the form of dark rectangles of variable lengths (20 – 80 nm) and thickness of
5 ± 1 nm, as shown in figure 3.2 (c). The thickness distribution is reported
in the histogram graph, in figure 8.2 in Appendix A.
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Figure 3.2: BF-TEM images of TiO2 nanoplatelets having 2D square shapes (a),
rhombohedral shapes (b) and rectangular shapes (c). (a1), (a2) in-
dentations at the corners of square platelets.
In the TEM, observed morphologies are 2D projections of more complex
3D shapes. As introduced in chapter 1, most (nano)crystals of anatase are
truncated bipyramids, according to the Wulff construction based on the com-
puted surface energies at the thermodynamic equilibrium. In this equilibrium
shape, which resembles that of anatase minerals typically found in nature,
the crystal mainly exposes {101} facets, while a minority of {001} facets are
present (figure 1.1). In the case of nanoplatelets, the percentage of exposed
{001} surfaces greatly increases, thus the 3D shape of the crystal is believed
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to assume the form of a truncated octahedron with large {001} facets (fig-
ure 3.7 (a) and (b)). According to this 3D model, square-like 2D shapes
can be obtained by projecting the Wulff shape of a thin platelet along the
[001] direction. Similarly, the projection along the [100] direction gives an
elongated rectangular-like morphology where the {001} and {101} facets of
the truncated octahedron form an angle of 67◦, as shown later, in figure 3.3
(a1). Thus, square-like platelets expose their {001} facets perpendicularly to
the electron beam and are oriented in the [001] zone axis, while dark rect-
angular platelets lay in the [100] orientation. These observations are further
supported by HRTEM and SAED studies.
Figures 3.3 and 3.4 show high resolution micrographs of platelets found
in the [001] and [100] zone axes, respectively. The image in figure 3.3 (a1)
was rotated by 2.6◦ to align the lattice parameters a and b perpendicularly.
The measured lattice spacings in figure 3.3 (a1) and 3.4 (a1) were 0.20 nm
and 0.23 nm, respectively. These values are consistent with the distances
between the (200) and the (004) planes of the anatase crystal, as well as
the measured distances and angles between reflections of the extracted FFTs
(3.3 (a2), 3.4 (a2)).
Electron diffraction patterns (DPs) were taken from areas where mostly
face-on and edge-on platelets were observed as displayed in figure 3.5 (a1)
and (b1). The strong intensity of the (004) spots in DP 3.5 (b) suggests
that the c-axis lays in the plane perpendicular to the electron beam, while
the relatively less intense rings refer to diffracting planes sharing the [100]
zone axis. In DP 3.5 (a), in addition to the (200) diffraction rings, low index
(101), (004), (211), (220) rings were found. The presence of these additional
reflections suggests that face-on nanoplatelets not only lie along the [001]
zone axis, but additional orientations are present. Platelets in zone axes
different from the [001] likely have non-square two-dimensional shapes. Typ-
ically, rhombohedral and rhomboid 2D shapes correspond to projections of
the equilibrium Wulff shape along various orientations, the angles between
edges in the projection indicating the direction along which the crystal is
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Figure 3.3: (a) High resolution BF-TEM image of a square shaped platelet in
the [001] zone axis and enlarged view of the contrast pattern (a1)
where the measured lattice spacing d[200] = 0.2 nm is marked. The
image was acquired at 300 kV, with a spherical aberration coefficient
Cs of -3.3 µm and defocus ∆f = 5 nm. (a2) Extracted FFT from
(a1) indexed as the [001] zone axis.
oriented. Figure 3.6 reports a high-resolution TEM micrograph of a rhom-
bohedral platelet, oriented along the [111] zone axis. The measured lattice
spacings are 0.35 nm and match the distance between the (101) crystallo-
graphic planes of the anatase crystal. Analysis of the distances and angles
of the reflections in the extracted FFT confirmed that the crystal is oriented
along the [111] zone axis. Thus, in this case, the rhombohedral platelet shape
is given by the projection of the equilibrium Wulff shape along the [111] ori-
entation, as schematically shown in figure 3.7 (a), for a 5 nm thick platelet.
The presence of 2D non-square shapes may also indicate the formation of
more equiaxed crystals projected along various orientations, having the 3D
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Figure 3.4: (a) High resolution BF-TEM image of a rectangular shaped platelet
in the [100] zone axis. The image was acquired at 300 kV, with a
spherical aberration coefficient Cs of -3.3 µm and defocus ∆f = 1 nm.
The angle of 67◦ formed by the (001) and (101) planes of anatase
is marked in (a1). (a2) Extracted FFT from (a1) showing the (004)
reflections of the zone axis close to the [100].
morphology illustrated in figure 3.7 (c). Recently, it was shown that 2D
projections of equiaxed anatase nanocrystals can be erroneously attributed
to the presence of thin sheets [28]. C˘aplovic˘ova´ and co-workers showed that
projections of anatase crystals of 25 nm in size along different zone axes,
such as the [010] or the [111], result in rhombic and rhombohedral shapes,
for which no thickness contrast is observed by means of BF-TEM. The lack of
thickness contrast can lead to erroneously regard the 3D morphology of the
structures as that of thin sheets, so that additional techniques must be used
to avoid misleading results. Low energy-loss EELS thickness measurements
performed on face-on platelets showed no evidence of crystals of thickness
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Figure 3.5: (a), (b) Selected area diffraction patterns of face-on (a1) and edge-on
platelets (b1), respectively.
larger than 10 nm. Imaging simulations are needed, in the future, to predict
the contrast variation corresponding to [111] projections of 3D crystals of
increasing thicknesses.
Figure 3.8 (a) and (b) are low magnification BF-TEM and HAADF-
STEM images of the anatase nanorods formed in aqueous solution (section
3.2). The BF image (a) illustrates the presence of relatively monodisperse
anatase structures with rod-like morphology laying on a carbon support.
Cross-sectional views of the rods are also observed in the form of dark cir-
cles. The average diameter of the nanorods was measured for more than 75
structures and found to be 3.75 ± 0.75 nm (figure 8.3 in Appendix A), while
the average length was of 35 ± 15 nm (figure 8.4 in Appendix A). The dark
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Figure 3.6: (a) High resolution BF-TEM image of a rhombohedral shaped
platelet in the [111] zone axis. The image was taken at 300 kV with a
spherical aberration coefficient Cs of 3.3 µm and defocus ∆f = 30 nm.
(b) An enlarged view of the contrast pattern showing the measured
lattice spacing of 0.35 nm of the diffracting d[101] planes. (inset) FFT
extracted from (b) indexed as the [111] zone axis.
agglomerates in figure 3.8 (a) are due to excess of oleic acid, precipitated
with the rods in the water phase during ligand exchange.
A better visualization of the nanorod morphology is given by the 300 kV
HAADF image in figure 3.8 (b). As Z-contrast dominates in HAADF imag-
ing, the bright contrast arising from the nanorods is intense compared to that
of the carbon film. Also, a faint bright contrast becomes visible surrounding
the rods. This feature is due to the formation of a polymerized layer that
acts as a support for the nanorods network overlaying holes in the carbon
film. Proof and explanation of the existence of this layer is given in chapter
6. As already discussed in section 3.2, the formation of anatase nanorods is
believed to occur mainly through the oriented attachment mechanism that
involves the fusion of truncated octahedra along the [001] direction. For this
reason, the nanorods crystals are expected to be mainly oriented in the [100]
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Figure 3.7: Schematic illustrating the 3D morphologies of two anatase nanoplate-
lets (a), (b) and an anatase nanocrystal (c), together with the cor-
responding 2D projections along the [100], [001] and [111], typically
observed in the platelet specimens. In (a), (b) and (c) the equilib-
rium shapes of 5 nm, 10 nm and 25 nm thick structures are shown.
zone axis. This model is confirmed by the selected area diffraction pattern
taken from the rods in figure 3.8 (a), where reflections of the [100] zone axis
appear.
Figure 3.9 (a) and (b) show high resolution TEM images of individual
nanorods laying on the carbon support of the TEM grid. An intense sin-
gle crystal-like contrast pattern is observed along the entire length of the
nanorods. Following these patterns two types of edge morphology can be
distinguished. Smooth edges appear in figure 3.9 (a) as opposite to uneven
and zigzagged edges in (b). The difference between the observed edge mor-
phologies is attributed to the growth mechanism of the nanorods, as follows.
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Figure 3.8: (a) BF-TEM image of anatase nanorods and (inset) selected area
diffraction pattern taken from (a) showing reflections of the [100]
zone axis. (b) HAADF-STEM image of the nanorods showing the
capping of the rods by the oleic acid film. An electron probe con-
vergence semiangle of 10 mrad, a probe diameter of 1 nm, and inner
and outer collection semiangles of 40 mrad and 160 mrad, respec-
tively were used.
As discussed in section 3.2, a combination of classical growth and oriented at-
tachment forms the nanorods during the second stage of the synthesis. This
combination yields single-crystal nanorods with smooth edges thanks to the
additional TTIP titanium reactant precursor that enables the overgrowth of
the initially rugged surface of the nanorods by titanium monomer addition.
Thus, nanorod architectures as illustrated in figure 3.9 (a) are observed. On
the other hand, the appearance of zigzag rods, such as in figure 3.9 (b), sug-
gests that monomer addition has not occurred to even out the surface, and
thus the formation of the rod was not completed. Thus, figure 3.9 (b) illus-
trates the nanorod before turning into an uniform single crystal, therefore
showing rugged edges formed due to self-aggregation of primary crystalline
nanoparticles, having sharp edges as in truncated small octahedra (oriented
attachment mechanism of growth). These primary nanocrystals extend pref-
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erentially along the [001] direction and thus the nanorod in figure 3.9 (b)
appears in the [100] orientation. This observation is supported by the anal-
ysis of the contrast pattern shown in figure 3.9 (b1) and the extracted FFT
in figure 3.9 (b2). The HRTEM image intensity (b1) matches well with the
multislice simulation shown in the inset. The simulation was performed for
an anatase crystal in the [100] zone axis, having thickness of 4 nm. The
simulated image has ∆f = 21 nm and Cs = -3.3 µm as in the experiment.
Similarly to the nanorod of figure 3.9 (b), the structure of figure 3.9 (a) was
also found to be in the [100] zone axis, but tilted by a few degrees as dis-
played by the extracted FFT where only (101) reflections are shown, and the
corresponding diffracting planes in the HRTEM (d[101] = 0.35 nm).
3.5 Structural investigation of the platelets
Atomic structure investigation of the platelets was carried out by the
analysis of the specimen exit wavefunction reconstructed from focal-series of
aberration-corrected HRTEM images. In this section, a detailed examination
of the reconstructed EPW is discussed for square and rhombohedral platelets
with the aim of determining the atomic arrangement and the exact lattice
parameters of the crystal.
Figure 3.10 (a) shows the region where EPWR was carried out for the case
of a [001] oriented platelet. The image depicts a thin structure surrounded
by additional overlying platelets at the top left and bottom right corners.
The Fresnel fringes in the out of focus micrograph (∆f = -190 nm) display
the region occupied by the single platelet, marked with the number 1. The
HRTEM image in figure 3.10 (b) illustrates the area were the EPWR was
taken with better clarity, showing Moire´ patterns in the regions where the
platelets overlap. The inset of figure 3.10 (b) displays the FFT extracted from
the single platelet region. The analysis of the distances between reflections
and angles indicated that the crystal is oriented along the [001] zone axis. The
crystallographic planes visible in figure 3.10 (b) correspond to the (200) and
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Figure 3.9: High resolution BF-TEM images of anatase nanorods showing sharp
(a) and zigzagged (b) edges. The images were taken at 300 kV,
Cs = -3.3 µm, and defocus ∆f = 21 nm. (b1) Enlarged view of the
contrast pattern in (b) showing a comparison with the simulated
pattern. (b2) FFT extracted from (b1) showing the [100] zone axis.
(inset) FFT extracted from (a) illustrating the (011) planes of the
[100] orientation.
(020) reflections in the extracted FFT (measured distances d[200] = 0.2 nm).
The acquired focal-series is shown in figure 3.11. The acquisition of the
data set was carried out at a sampling rate of 0.016 nm/px under negative
spherical aberration condition. The estimated value of the spherical aber-
ration coefficient Cs was of -3.3 µm. To understand the relevant contrast
features showing in the focal-series, TEM images multislice simulation was
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Figure 3.10: (a), (b) BF-TEM images taken at 300 kV, Cs = -3.3 µm, defocus
∆f = -190 nm and 0 nm respectively, recorded from a single platelet,
marked with the number 1, in the [001] orientation surrounded
by overlaying platelets at the corners. (Inset) FFT of the single
platelet.
carried out in the experimental defocus range using Jems. The thickness of
the crystal was taken equal to 5 nm. The orientation was set as the [001]
zone axis. The spherical aberration coefficient was fixed at -3.3 µm.
Figure 3.12 shows the simulated focal-series for a 4×4 unit cell region.
In the focal range of 0 nm < ∆f < -2 nm, the image contrast is dominated
by sharp bright dots which correspond to the Ti (and O) atomic positions
displayed by red spheres in the projection of the anatase unit cell along
the [001] direction. Thus, at defocus ∆f = 0 nm, the bright atom imag-
ing condition is realized and the HRTEM micrograph represents a structural
image that is a two-dimensional projection of the crystal structure along
the [001] direction. On the contrary, simulated images in the focal range
-3 nm < ∆f < -11 nm are not a direct representation of the atomic arrange-
ment as in addition to sharp bright dots extra contrast features are present
that cannot be directly associated to the crystal structure. Finally, in the
focal interval -12 nm < ∆f < -19 nm, contrast reversal is observed as the
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atomic positions are represented by dark regions in between bright dots.
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Figure 3.11: Experimental focal-series of HRTEM images taken from a single
platelet oriented in the [001] zone axis. The series consists of 20
images taken at a starting defocus of 0 nm (top left image) and
defocus step of -1 nm. The acquisition time of each image of the
series was of 0.02 s.
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Figure 3.12: Simulated focal-series of HRTEM images for a [001] anatase crystal
of 5 nm thickness.
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Figure 3.13: Reconstructed uncorrected amplitude (a) and phase (b) images.
Corrected amplitude (c) and phase (d) after removal of the residual
aberrations. Intensity profiles extracted from linescans in (c) and
(d) are marked in blue and red respectively.
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The reconstructed uncorrected amplitude Aunc(r) and phase Φunc(r) of
the exit plane wavefunction are illustrated in figure 3.13 (a) and (b), re-
spectively. After numerical aberration correction the amplitude and phase
contrast change drastically as shown in figure 3.13 (c) and (d). Numerical
aberration measurements are given in table 8.1 in Appendix A. The cor-
rected phase Φ(r) depicts sharp peaked intensities at the titanium atomic
positions while the corrected amplitude A(r) displays intensity minima at
the same positions. Figure 3.13 shows the amplitude and phase intensity
profiles extracted from linescans using the histogram tool in Digital Micro-
graph. Whilst intensity maxima are present in the phase (red curve) minima
arise in the amplitude (blue curve). However, the phase shift between max-
Figure 3.14: Linear regression of the defoci measured by the MAL reconstruction
versus the number of simulated images.
ima in the phase intensity is not reproduced perfectly between minima in
the amplitude. Two possible explanations can be given: first, aberrations
could still be present to a small extent after numerical correction, second,
the quality of the reconstruction might be degraded due to specimen drift
during focal-series acquisition. The EPWR quality assessment is shown is fig-
ure 3.14 where the linear regression of the defoci measured for the simulated
133
3. Structural characterization of TiO2 nanoplatelets and nanorods
focal-series by the MAL reconstruction is plotted. The average defocus step
was found to be -0.90 ± 0.02 nm in good agreement with the experimental
defocus interval of -1 nm. The calculated correlation coefficient of the linear
regression was about -0.6 indicating a relatively strong correlation between
the number of images and the decreasing defocus.
A comparison between the reconstructed and simulated phase Φ(r) is
reported in figure 3.15 (a), together with the experimental and simulated
structural image at defocus ∆f = 0 nm in (b).
Figure 3.15: Comparison between reconstructed phase (a) (and corresponding
simulated phase in the inset) and structural HRTEM image of the
platelet taken at ∆f = 0 nm (and calculated image in the inset).
All micrographs were rotated to align the [100] and [010] axes horizontal
and vertical respectively. An overall good agreement is observable between
experimental and simulated images. From figure 3.15 (a) and (b) it is evi-
dent that the biggest advantage of the reconstruction stems for the increased
signal to noise ratio in the phase contrast with respect to the HRTEM im-
age, besides the reduced delocalization effect at the edges of the platelet.
As mentioned in the previous paragraph for the simulated image at defocus
∆f = 0 nm, the sharp bright dots visible in the phase image are formed
by atomic columns of Ti (and O) atoms. For the anatase structure viewed
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along the [001] direction, the distance between the Ti (and O) columns is
a/2 = 0.189 nm, with a = 0.378 nm denoting the experimental lattice param-
eter of bulk anatase. The projected distance of 0.189 nm is well above the
instrumental resolution of 0.1 nm, thus the Ti columns are well visible along
the [001] direction.
The exact determination of the lattice parameters was carried out on the
phase image Φ(r) by means of the histogram tool in Digital Micrograph. Fig-
ure 3.16 (a) and (b) show the regions of interest where the planar distances
were measured along the [200] and [020] directions. The in-plane [200] dis-
tance between two consecutive atoms was taken at a fixed distance from the
edge of the platelet denoted by a layer number. The position of a single
atomic column is given by the maximum intensity peak of the linescan. The
integration width of the linescan was adjusted over 6 pixels to increase the
signal to noise ratio. The measurement was then repeated for 8 to 10 couples
of atoms along the same layer and the average was taken as the [200] planar
distance. A schematic of the method is illustrated in figure 3.16 (a). The
same method was used for the measurement of the planar distances in the
[020] direction. However, in this case, the layer number was taken as equal
to the distance of the furthest atom from the edge of the platelet along the
[020] direction, as illustrated in figure 3.16 (b). The error associated to the
measured distance between two consecutive atoms was calculated as follows:
∆c =
√
∆x2 + ∆y2 (3.3)
were ∆x = ∆y is the width of half pixel (∆x = 0.008 in this experiment). Op-
erations between errors were carried out according to the error propagation
theory.
Figure 3.17 shows the measured d[200] and d[020] planar distances as a
function of layer number and edge distance. The blue line denotes the ex-
perimental planar distances of 0.189 nm of bulk anatase, measured for a thin
<001> film (figure 4.9). Deviations from this value are below 1% due to the
magnification calibration error. A gradual expansion of the lattice spacings
is observed from the innermost layers towards the edge of the platelet in both
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Figure 3.16: Schematic of the method used to measure the lattice spacings d[200]
(a) and d[020] (b).
planes. The expansion of the lattice can be calculated using equation 3.4:
 =
dhkl − dbulk
dbulk
(3.4)
where dhkl and dbulk are the lattice spacings of the platelet and the bulk
crystal respectively. For the outermost layers, at the edge of the platelet, the
expansion of the lattice can be expressed in terms of surface relaxation as
follows:
δ =
dhkl,max − dbulk
dbulk
(3.5)
where dhkl,max is the largest lattice spacing measured.
Table 3.4 is a summary of the expansions calculated for the lattice param-
eters in both planar directions for measurements where the lattice spacing is
almost constant (all calculated expansions are reported as a function of layer
number in table 8.3, 8.4, in Appendix A).
Two main observations can be gathered from the analysis of the phase im-
age: first, the lattice spacing gradually increases towards the edge of platelet,
second, an overall increase of the lattice spacing with respect to the bulk is
found. The lattice expansion of the crystal is generally referred to as tensile
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Figure 3.17: Measured lattice spacings d[200] (a) and d[020] (b) as a function of
layer number and edge distance.
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Table 3.4: Surface relaxation δ and lattice strain  of the lattice parameters in
the planar directions a, b.
Lattice parameters δ (%) Error (%)  (%) Error (%)
a 7.7 2.2 4.5 2.4
b 8.6 2.5 4.5 2.2
strain. Positive and negative values of  define tensile and compressive strain.
Analysis of the measurements reported in table 3.4 shows that tensile strain
occurs for the innermost layers in both in-plane directions, in addition to
surface relaxation.
Lattice expansion has been observed in many metal oxide nanostructures,
mostly nanoparticles [85]. The origin of this expansion is controversial mainly
because it opposes the well known contraction of the lattice parameters ob-
served in metallic nanoparticles [85]. Recently, a general approach for the
explanation of the lattice expansion in metal oxides nanoparticles has been
proposed by Diehm et al. [85]. The theoretical model is based on the gener-
alized capillary equation:
∆p =
2
3
(
A
V
)f (3.6)
where ∆p is the capillary pressure, A/V is the surface to volume ratio of the
particle and f is the surface stress, a force that acts tangentially in the plane
of the surface. The surface stress causes a capillary pressure force to act onto
the crystal which, in turn, reacts by opposing an internal strain which reflects
as a change in the lattice parameters. Thus, a negative (positive) surface
stress will lead to a negative (positive) pressure, proportional to the surface
to volume ratio of the particle, which will cause an expansion (compression)
of the lattice parameters. Several factors can contribute to the sign of the
surface stress in oxide nanoparticles, such as thermodynamic equilibrium,
environmental conditions and defects. For TiO2 rutile and anatase, XRD
studies of powder nanoparticles [85] have shown tensile strain along the a = b
crystallographic direction and a small tensile, or compressive, strain along
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the c direction. Lattice extensions from XRD data of anatase and rutile
nanoparticles found in the literature are summarized in table 3.5 for different
crystallite sizes.
Table 3.5: Size dependence of the lattice parameters and spacings in anatase
nanoparticles obtained from X-ray diffraction data.
Maximum change (%) Average crystalline size (nm) Source Reference
a = +0.37, c = -0.53 2 - 65 XRD [85]
a = +0.31, c = -0.34 5 - 40 XRD [85]
a = +0.11, c = +0.31 19.7 XRD [86]
d[101] = +0.4 10.54 XRD [87]
d[101] = +0.3 19.52 XRD [87]
d[101] = +0.15 33.16 XRD [87]
Diehm and co-workers found that the observed experimental lattice ex-
pansion of TiO2 is caused by negative surface stress mostly due to partial
or full reduction of the surface. Surface reduction mostly occurs through
the formation of anion vacancies at the surface. In TiO2 anion vacancies
occupy shallow states and donate electrons to the conduction band. Thus
the oxidation state of the cations is not changed whilst the conduction band
at the surface is filled with electrons, causing the formation of a surface
accumulation layer. Sheldon and Shenoy [88] found that the charge layer
at the surface results in a negative surface stress which explains the lattice
expansion of nanoparticles measured by XRD.
In this study, the increase of the lattice parameters a and b measured
by HRTEM for the nanoplatelets qualitatively agrees with the lattice expan-
sion trend reported by the XRD data of anatase nanoparticles (table 3.5)
and the theoretical studies of Diehm. However, image artifacts in the re-
construction can affect the HRTEM measurements, leading to quantitatively
different results. In addition, lattice changes along the c-axis of the platelets
were difficult to quantify as edge-on configurations are rarely on axis.
Theoretical and experimental studies of lattice expansion in metal oxides
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nanocrystals are mostly limited to nanoparticles, while very little is found
on nanostructures of alternative morphologies for which XRD is mostly used
to provide information on crystal phases or crystalline domains.
On the other hand, in the past decade, the number of theoretical studies
on the surface properties of anatase has noticeably increased. Lazzeri et al.
[89] have intensively studied the stability of the (001) anatase surface by
density functional theory and noted that the surface is under tensile stress
due to the geometrical disposition of the oxygen atoms. Thus, the clean (001)
anatase surface is unlikely to exist and forced by the surface stress to undergo
geometrical changes and give rise to less strained reconstructed surfaces.
As the clean, unreconstructed (001) surface of anatase is unlikely to exist
[20], it is realistic to assume that upon adsorption of water (e.g. during wash-
ing or in solution) the {001} facets of the platelets hydroxylate. According to
Selloni et al. [20], the formation of the hydroxylated (001) surface occurs at
the expense of the tensile stress force, thus reducing the strain at the surface
and eventually leading to a compressive stress. The 4% expansion reported
in table 3.4 for the nanoplatelets is quite pronounced and may be attributed
to an additional, negative stress force. This force is possibly caused by the
partial reduction of the platelets surface, according to the theoretical model
of Diehm et al. [85]. Reduction of the platelet surface is unlikely to occur
during synthesis but most likely happens during electron beam irradiation.
The presence of intense dark regions in between atomic columns and deficit
contrast areas in figure 3.15 (a) and (b) suggests the formation of point and
extended defects during imaging. Sung-Il Baik et al. [90] reported similar
contrast features in [001] silicon and found that the experimental contrast
pattern matches imaging simulations when vacancies (rather than surface
pits and dislocations) are introduced at the surface. This model agrees well
with the contrast pattern of figure 3.15 (a) and (b), thus supporting the hy-
pothesis of surface reduction by formation of defects. Imaging simulations
are further needed to confirm the origin of defects, as well as the production
of anion vacancies at the surface of the platelets, during beam irradiation.
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In addition, X-ray photoelectron spectroscopy (XPS) may be used to detect
sub-stoichiometric Ti3+ ions, which form upon surface reduction, before and
after electron beam irradiation. EELS may also provide information on the
oxidation state of Ti at the surface, however the electron dose received by the
specimen during acquisition of the core-loss spectra may irreversibly damage
the sample surface. In the future, the lattice parameters and strain will be
measured from the XRD spectra of the platelets powder. The comparison
with TEM data may provide further insight into the reduction of the platelet
surface.
As stated in section 3.5, in addition to 2D square-like platelets, non-
square shapes, such as rhombohedral morphologies, were observed in the
same platelet sample. The crystal structure in these configurations is ex-
pected to differ significantly with respect to that of a sheet-like morphology.
Hereafter, the atomic arrangement of platelets showing a non-square shape
is discussed by EPWR.
Figure 3.18 shows the focal-series of aberration-corrected HRTEM images
acquired for the EPW reconstruction, with a negative spherical aberration
coefficient Cs of -1 µm. The micrographs constitute the first 10 images of
a focal-series of 20 images recorded at an initial defocus of 9 nm. The re-
maining focal-series is reported in Appendix A. The last 10 images of the
series were discarded for the reconstruction as the specimen suffered a con-
siderable gradual loss of crystallinity after approximately 0.26 s at defocus
∆f = -3 nm. The bright-field TEM micrograph in figure 3.18, at the bottom
right of the focal-series, illustrates, at low magnification, the region of the
specimen where the series was taken. This region consists of a top part,
illustrating a first platelet (platelet A), having non-square shape, and a bot-
tom part, consisting of an overlapping second platelet (platelet B), having
different 2D shape. At the intersection between the platelets, the marking
white line is thinner to allow the visualization of the Fresnel fringe.
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Figure 3.18: Focal-series of HRTEM images taken from a rhombic shaped
platelet and BF-TEM image of the region where the series was
taken, marked with a circle. The images were recorded in the de-
focus range of 9 nm < ∆f < 0 nm, with ∆f = -1 nm. Each image
was recorded for 0.02 s, at a sampling rate of 0.016 nm/px.
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The FFT in figure 3.19 taken from platelet A showed that the crystal is
oriented along the [111] crystallographic direction. However, analysis of the
intensities of the Bragg reflections suggested that the specimen exhibits a
misorientation of about 1.1◦-1.8◦ from the zone axis. Forbidden diffraction
spots (110) were also found in the extracted FFT, due to double electron
diffraction. Figure 3.19 shows a comparison between the experimental FFT
Figure 3.19: FFT extracted from platelet A (top), simulated electron diffraction
patterns for a [111] oriented platelet aligned off axis of 1.1◦ (left)
and 1.8◦ (right).
and the simulated diffraction patterns of anatase crystals aligned off axis of
1.1◦ and 1.8◦, respectively. Simulations were performed using the multislice
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method implemented in Jems by varying the center of the Laue circle to
match the experimental intensities of the reflections. In the simulated FFTs
of figure 3.19 the circumference of the Laue circle is visible in black, whereas
the center of the circle is displayed in green. A thickness sample of 9 nm
was chosen together with a converge semi-angle of 0.3 mrad to enhance the
overall diameter of the spots for a direct comparison with the experimental
FFT. Both patterns in figure 3.19 (top) and (left) display minor asymmetries
in the intensities of low-index pairs of reflections like the (011), (220) and
(121). Similarly, in figure 3.19 (top) and (right), similar asymmetries are ob-
served in the intensities of the (121) and (321) reflections. From the analysis
of these asymmetries it was possible to assign a sample misorientation vari-
able between 1.1◦ and 1.8◦ with respect to the [111] zone axis. An accurate
evaluation of the sample misalignment would have required, beside the exact
sample thickness, the measurement of a local area diffraction pattern rather
than the Fourier transform of the acquired intensity, whose has a relatively
low signal-to-noise ratio. However, the measurement of a local diffraction
pattern prior acquisition of the focal-series would have irremediably dam-
aged the specimen. A comparison between the HRTEM micrographs of the
focal-series and the simulated images for a misaligned anatase crystal further
supported the conclusions obtained by analysis of the diffractograms. Figure
3.20 shows a simulated thickness-defocus map for a crystal misorientation
of 1.1◦ from the [111] zone axis. The thickness range varies between 9 to
26 nm, and the defocus interval corresponds to that of the focal-series. A
good match was obtained between simulated and experimental images for a
sample thickness of 9 nm.
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Figure 3.20: Thickness-defocus map for an anatase crystal oriented 1.1◦ off the
[111] zone axis.
Examples are given in figure 3.21 where the comparison between experi-
mental images at ∆f = 9 nm and ∆f = 0 nm and simulations is shown. The
measured lattice spacing was of 0.35 nm and agrees well with the distance
between the (011) planes of the anatase crystal.
Figure 3.21: Comparison between experimental and calculated images at the
defoci ∆f = 9 nm (left) and ∆f = 0 nm (right).
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To further understand the atomic structure of the specimen, EPW recon-
struction was performed in TrueImage using the focal-series in figure 3.18.
The corrected reconstructed amplitude A(r) and phase Φ(r) are reported in
figure 3.22. The residual aberration values are listed in table 8.2 in Appendix
A, together with the calculated defoci by the MAL algorithm of the same
Appendix. The average defocus value was of -1.02 ± 0.02 nm in very good
agreement with the experiment.
Figure 3.22: Corrected amplitude and phase images of the reconstructed EPW.
The amplitude and phase contrast showed a patched-like pattern in the
region occupied by platelet A. Highly crystalline regions were found together
with less crystalline areas in both amplitude and phase images. The ob-
served pattern was attributed to the reduction of the crystal thickness due
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to the atomic displacement caused by the electron beam. The gradual loss of
crystallinity of the specimen can be observed in the discarded images of the
reconstruction, reported in figure 8.5, in Appendix A. Another possible rea-
son behind the variation of the contrast pattern is the overlap of the crystal
facets in the [111] zone axis, which determines thickness contrast. To validate
this hypothesis, imaging simulations are needed, which require a first guess
of the crystal 3D structure.
Figure 3.23: Comparison between the experimental and calculated phase with a
schematic of the unit cell in the [111] orientation.
Figure 3.23 shows an enlarged view of the phase image obtained from a
high crystalline area of platelet A, together with the corresponding calculated
phase image obtained for a sample thickness of 9 nm. A schematic of the
atomic arrangement of the crystal in the [111] zone axis is also illustrated,
where the Ti and O atoms are displayed in red and blue respectively. It is
evident that the observed phase contrast does not represent the projected
potential of the specimen due to the sample misorientation and thus the
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exact measure of the atomic distances is prevented.
A significant amplitude and phase contrast increase was noticed at the
bottom region of figure 3.23, where the platelets overlay one another. This
considerable contrast increase is due to an increment of the crystal thickness
in the direction of the electron beam due to overlapping of the platelets
along the [111] direction. The observed phenomenon might relate to oriented
attachment of the platelets [83]. In fact, the analysis of the phase image
showed that the observed contrast increase is effectively caused by the higher
phase change experienced by the electron beam wave due to the increment
in thickness along the beam direction. Oriented attachment of the platelets
was observed by Menzel et al. [14] for face-on and edge-on structures.
Figure 3.24: Oriented attachment of platelets along the edges (a) and their {001}
facets (b).
Examples are shown in figure 3.24 (a) and (b) where few platelets appear
to have fused along the edges, leading to the formation of larger structures,
and along their {001} facets to give thicker platelets with smaller aspect ratio.
In this work, oriented attachment of the platelets was found to dominate for
edge-on configurations, and occasionally observed for face-on platelets, like
the previous example. The preferential aggregation of the platelets along the
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[001] axis is due the large fraction of OH- terminated surface sites present on
the {001} facets. HRTEM evidence of oriented attachment in edge-on plate-
lets samples proved to be a challenging task. This limitation was mainly
due to the fact that platelets in the edge-on configuration expose a relatively
large thickness to the electron beam and are rarely oriented on axis. This
fact significantly complicates the interpretation of the specimen exit wave-
function. On the other hand, attachment of non-square and squared platelets
was more easily recognized by HRTEM BF imaging. When OA occurs a no-
Figure 3.25: HRTEM-BF images of oriented attachment (a) compared to platelet
overlap (b), showing Moire´ patterns. (a1) the intensity profile in-
crement along the blue linescan in (a).
ticeably increase of the intensity contrast is observable due to the thickness
increment along the electron beam direction (figure 3.25 (a)). On the other
hand, when the platelets are not attached, Moire´ interference occurs due to
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misalignment of the crystallographic planes (figure 3.25 (b)).
3.6 Structural investigation of the rods
As discussed in section 3.2, the mechanism of growth of the anatase rods
during synthesis consists of the oriented attachment (OA) mechanism, ac-
cording to which the formation of the rods is driven by fusion along the
[001] direction of single building blocks crystals having truncated tetrago-
nal bipyramidal morphology. In this section, the oriented attachment of the
rods is demonstrated by EPWR through a detailed analysis of the atomic
structure encoded in the phase image.
Figure 3.26 illustrates the focal-series of aberration-corrected HRTEM
micrographs acquired from a single anatase rod, marked with a white box.
At the bottom right corner of each image of the series, and at the top left cor-
ner, small portions of similar individualized rods are also visible. Unlike the
platelet samples, where the focal-series were taken from platelets overhanging
a hole in the carbon film, in the rod specimens, the series were acquired from
individual structures supported by the carbon film of the TEM grid. In fact,
isolated nanorods are not easy to find overhanging holes in the film, unless
they stick out from a large cluster in the proximity of a hole. Clusters of
nanorods are often origin of carbon contamination due to the capping with
oleic acid (chapter 6), and therefore complicate the analysis of the atomic
structure. Due to the presence of the carbon support, the bright field im-
ages of figure 3.26 show a relatively poor contrast, and a considerably lower
signal-to-noise ratio than that of the platelets. Moreover, the rod crystals
are embedded in a polymerized film of oleic acid, as mentioned in section
3.4. This amorphous layer surrounding the rods also contributes to contrast
reduction, and complicates the interpretation of the images. Nevertheless,
a consistent change in contrast is visible along the entire length of the rod
at each defocus, as well as a contrast variation at different defoci. Simula-
tions are generally needed to understand the origin of the observed contrast.
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However, calculations are very time consuming whenever the investigated
structure is not known. On the other hand, the reconstruction of the exit
wavefunction is less time consuming and information on the crystal structure
can be gathered by the analysis of the EPW.
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Figure 3.26: Focal-series of HRTEM images taken from a nanorod (in white box),
acquired with Cs = -1 µm and 9 nm < ∆f < -10 nm, with a step
of -1 nm. Images were recorded for 0.02 s at a sampling rate of
0.016 nm/px.
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Figure 3.27: Corrected amplitude (a) and phase (b) images of the reconstructed
EPW. The values of the residual aberrations are reported in Table
8.5 in Appendix A, together with the quality assessment of the
reconstruction.
The corrected amplitude A(r) and phase Φ(r) of the reconstructed EPW
are shown in figure 3.27 (a) and (b). By the analysis of the amplitude image
A(r), it is evident that the numerical aberration correction is not ideal, as
delocalization of scattering is still present and, as a consequence, the right
edge of the rod appears blurred and striped (the left edge of the rod is also
blurred but to a less extent). The residual delocalization is caused by the
defocus aberration, whose exact determination is challenging as the thickness
(and orientation) of the specimen is not constant along the entire length of
the rod. Nevertheless, it is obvious that the signal-to-noise ratio and the
contrast in the phase (and amplitude) image is noticeably increased with
respect to the images of the focal-series. For this reason, the analysis of the
atomic structure is facilitated.
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Figure 3.28: Reconstructed phase image and enlarged view (a) of the bottom
region of the nanorod marked with a black box. (b) FFT of region
(a) showing the [100] zone axis of anatase.
Figure 3.28 shows the corrected phase image Φ(r), together with an en-
larged view of a small region at the bottom of the rod, marked with a black
box (a). The enlarged phase view was rotated so that the c-axis of the crys-
tal is aligned vertically. Analysis of the distances and angles between the
reflections in the extracted FFT indicated that the selected area is oriented
in the [100] zone axis, with the c-axis directed along the length of the rod.
A schematic of the anatase unit cell projected along the [100] orientation is
reported in figure 3.28 (a), where the red and the blue spheres represent the
Ti and O atoms respectively. The inset in figure 3.28 (a) shows the simulated
phase contrast calculated for a sample thickness of 3 nm, which corresponds
to the measured rod diameter in the phase image. By a comparison between
the simulated phase contrast and the projection of the anatase unit cell, it
was found that each bright spot in an elongated dumbbell-like contrast fea-
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ture, is itself a dumbbell formed by a Ti and O atom separated by a projected
distance of about 40 pm, calculated assuming the experimental bulk lattice
parameters of a = b = 0.378 nm and c = 0.971 nm. The value of 40 pm is
well below the information limit of the microscope, hence the Ti-O dumbbell
cannot be resolved in the calculated and experimental phase images, result-
ing in a large, bright circular spot. On the other hand, the distance measured
between two bright spots in the elongated dumbbell-like contrast feature, is
about 0.24 nm, resulting in the two distinct bright regions of the elongated
dumbbells. The measured distance of 0.24 nm corresponds to the average
distance between two Ti-O dumbbells in the projected anatase unit cell. An
additional less bright contrast feature is observed in the calculated and ex-
perimental phase image in between the elongated dumbbell structures. This
faint bright spot is caused by the presence of oxygen atoms in the anatase
unit cell, as schematically shown by the 2D projection in figure 3.28 (a).
Oxygen atoms in anatase nanorods, have already been observed in [30] using
a combination of coherent diffractive imaging and phase-retrieval algorithms
to obtain the phase contrast image.
Two additional areas at the centre and upper region of the nanorod were
also analysed and marked in the phase image with black boxes (figure 3.29).
Their respective enlarged views are reported in figure 3.29 (a) and (b). The
views were rotated to align the c-axis vertically. The extracted FFTs are also
illustrated and indicate that the selected areas are oriented in the [100] zone
axis. The contrast features observed in the phase image at the center and top
region of the nanorod were found to differ from those observed previously, at
the bottom of the structure. The elongated dumbbell-like features are still
visible at the bottom of figure 3.29 (b), and gradually change shape towards
the top of the nanorod. The shape variation of the dumbbells was found to
be determined by a misorientation of the crystal with respect to the [100]
direction. In fact, in this case, a change in the specimen thickness would
affect the intensity of the contrast features rather than their shape. The
analysis of the intensities of the reflections of the extracted FFT showed that
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Figure 3.29: Reconstructed phase image and enlarged views (a), (b) of the cen-
tral and top regions of the nanorod marked with black boxes. Simu-
lated phase images are also shown as a comparison. (insets) FFT of
regions showing zone axes of anatase close to the [100]. The asym-
metries of the low index diffraction spots indicate a misalignment
of about 3◦ from the [100] zone axis.
the area at the center of the nanorod is approximately misaligned of about
3◦ with respect to the [100] direction. This hypothesis was also supported
by the simulation of the phase image shown in figure 3.29 (b), calculated for
an anatase crystal in the [100] orientation, misaligned of 3◦ with respect to
the electron beam. The thickness of the specimen was assumed to be 4 nm
which corresponds to the average diameter of the nanorod in the marked
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areas of the phase image. A good agreement between the experimental and
simulated phase was found in the central area of the nanorod, suggesting that
the change of the dumbbell-like features is caused by a sample misorientation
of about 3◦ with respect to the [100] direction. A good match between
experimental and simulated phase was also found for the upper region of
the rod where the multislice calculation was performed assuming a sample
misorientation of about 5◦ with respect to the [100] direction, and a sample
thickness of 4 nm.
The analysis of the phase image showed that the nanorod consists of sev-
eral crystalline regions that share the [100] zone axis, and are misoriented
with respect to one another of a few degrees tilt. The degree of misalign-
ment is possibly affected by the thickness, as well as the 3D morphology,
of the building block nanocrystals, as discussed in the following paragraph.
The observations gathered from the EPW of the specimen confirm that the
formation of the nanorod is driven by the oriented attached mechanism of
growth already observed in the literature [83], [82], [91]. However, contrarily
to the existing reports, proof of the existence of building block nanocrystals
is given by the analysis of the experimental phase image, which provides a
direct representation of the atomic potential, unlike the image contrast which
is affected by thickness, defocus and residual aberrations. In addition, the
comparison between the experimental and simulated phase image allowed to
quantify the degree of misalignment between the crystals, without the use
of time consuming simulations based on first guesses of the crystalline struc-
ture. Figure 3.30 proposes a hypothetical model of the nanorod structure.
The model was built following the contrast variation between the crystalline
and amorphous regions, in the phase (and amplitude) image. The archi-
tecture of the rod is determined by the shape of the building blocks and
their orientations. Wulff′s rule defines the equilibrium morphology of the
primary blocks. Typically, the predicted equilibrium shape of anatase na-
nocrystals is that of a truncated tetragonal bipyramid, however, variations
from this shape, as those displayed in figure 3.30, have also been predicted
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Figure 3.30: Model of the rod structure based on the self-aggregation along the
(001) direction of single crystals, having slightly modified truncated
octahedra shapes. Possible 3D shapes of the building block crystals
are shown in the right, where the models correspond to anatase
equilibrium shapes predicted by DFT simulations [92]. Ti and O
atoms are shown in grey and red respectively.
by density-functional theory simulations [92]. In addition, it is worth noting
that the Wulff construction is a purely thermodynamic model and is not able
to predict the exact crystal morphology in all cases [83].
The misorientation of nanocrystals building blocks was also observed by
Liao et al. [93]. In this work, the formation of Pt3Fe nanorods from oriented
attachment of Pt and Fe nanoparticles is investigated by time-resolved in
situ TEM in liquid cell. The authors observed imperfect attachment due to
different orientations of the interacting building blocks. In the final stage
of nanorod formation, the imperfect attachment is eliminated by orienta-
tion correction through lattice rotation, thus yielding the formation of a
single-crystal structure. In addition to orientation correction, straightening
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through mass redistribution and relaxation occurs to form nanorods with
sharp edges. The mechanisms are driven by the decrease in the total system
energy through the minimization of the surface energy and the elimination of
crystal defects. Although the oriented attachment mechanism has been ob-
served several times for anatase nanorods, the interaction amongst building
blocks and the self-aggregation mechanism is still not fully understood. In
the case of anatase nanorods, the coalescence of nanoparticles occurs at the
high-energy {001} facets, such that the driving force of the attachment mech-
anism is the reduction of the surface energy. The origin of the interaction
force between building blocks is instead less intuitive. In colloidal systems,
intrinsic forces between nanoparticles could originate from dipolar interac-
tions, van der Waals forces, hydroxylation forces or interactions mediated by
the solvent such as surface absorption [83], [92].
3.7 Summary
Detailed TEM studies provided morphological and structural characteri-
zation of TiO2 anatase nanoplatelets and nanorods. Platelets samples were
shown to exhibit mostly {001} facets, which dominate in the predicted 3D
equilibrium shape of a truncated tetragonal bipyramid. In the TEM, the
morphology of the platelets is accessible via 2D projections of the crystal
structure: [001] projections are mainly squares exposing {001} facets, while
[100] orientations mainly show {101} facets forming rectangular shapes. In
addition to [001] and [100] projections, which result in square and rectan-
gular shapes, alternative projections are also found, which give rhombohe-
dral, rhombic and more general non-square shapes. Thus, although the 3D
morphology of the platelets is homogeneous in the sample, different type of
surfaces are exposed. This fact is possibly the reason behind controversial
measurements of the photocatalytic activity, which strictly relates to the par-
ticular atomic structure of the exposed facets in the sample. The morphology
of rods samples was also examined by TEM. The nanorod crystals grow along
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the [001] crystallographic direction and are mostly oriented along the [100]
zone axis. In this orientation, two main edge morphologies can be identified
by HRTEM analysis: sharp, uniform edges indicate that the formation of the
rods occurs via a combination of classical growth by monomer addition and
oriented attachment of primary nanocrystals, whilst disrupted, zigzagged
edges suggest that the growth is ruled only by self-assembly of nanoparti-
cles. Structural investigation of platelets and rods was carried out, for the
first time, through a combination of negative spherical aberration imaging
and numerical reconstruction of the exit wavefunction of the specimen. The
advantage of combining these techniques stems for the enhancement of the
image resolution through minimization of image delocalization and artifacts
arising from residual aberrations. Besides, the increased signal-to-noise ra-
tio of the reconstructed exit wave facilitates the interpretation of the image
contrast at the atomic scale. The atomic structure of the platelets was inves-
tigated for crystals oriented along the [001] zone axis. In this orientation, an
increment of the lattice parameters a and b, with respect to the bulk case,
was measured. The expansion of the unit cell along these crystallographic
directions is possibly due to reconstruction of the surface and reduction via
the formation of local defects during electron beam irradiation. The atomic
configuration of [111] oriented platelets was also examined by EPWR. As
commonly observed for most structures, the crystal is often tilted by a few
degrees away from the zone axis. The resulting phase contrast does not
reproduce the atomic potential, which complicates quantitative studies. Fi-
nally, structural investigation of the nanorods was carried out by EPWR. The
phase contrast of the reconstructed exit wave shows that the characteristic
zigzagged shape of the rods is caused by the attachment of primary single
crystals, whose 3D shape differs slightly from that of a perfectly symmetric
truncated tetragonal bipyramid, in accordance with DFT calculations of the
equilibrium Wulff shape. In fact, thanks to the increased signal-to-noise ra-
tio, and the removal of residual aberrations, the reconstructed phase gives
a direct representation of the atomic potential and reproduces the crystal
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structure with the maximum resolution of the microscope.
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Chapter 4
Dielectric function of anatase
titania
4.1 Introduction
As discussed in chapter 1, investigations on the bulk dielectric properties
of TiO2 anatase are limited by the difficulty of fabricating macrocrystals of
satisfactory crystalline quality. As a consequence, a small number of EELS
measurements and simulations exist in the low energy-loss regime, where the
dielectric behaviour is studied. In this chapter, the theoretical determination
of the dielectric function is obtained by density-functional theory calculations
(DFT), while the experimental dielectric function is measured by low loss
EELS. The electronic and dielectric properties discussed in this chapter are
used as bulk references for anatase TiO2 throughout the entire work.
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4.2 Theoretical determination of the anatase
dielectric function and energy-loss func-
tion
4.2.1 Convergence test
Ab-initio calculations of anatase electronic and optical properties were
performed using the full potential (Linearized) Augmented Plane Wave [(L)APW]
WIEN2K program [73] (the full-potential term refers to a procedure where
core and valence electrons are explicitly included in the calculation). The
LAPW method is an approach to solving the Kohn-Sham equations by intro-
ducing a distinguishing basis set. This basis set is constructed by partitioning
the unit cell into two parts: non-overlapping spheres (I) around each atom
and the remaining interstitial region (II), as shown in figure 4.1. Inside the
Figure 4.1: Partitioning of the unit cell into non-overlapping spheres (I) around
each atom and interstitial region (II), taken from [73].
atomic spheres (I), the LAPW basis set is given by a linear combination of
radial functions times spherical harmonics, whereas in the interstitial region
a plane wave expansion is used. The solutions of the Kohn-Sham equations
are then expressed as a linear combination of the LAPW basis set:
Ψk,i =
∑
G
ck,i(G)Φk+G(r) (4.1)
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where Ψk,i are the single-particle wave functions, G is the reciprocal lat-
tice vector, ck,i(G) the corresponding variational coefficient determined by
Rayleigh-Ritz variational principle, and k the wave vector inside the first
Brillouin zone. The number of basis functions is determined by the plane
wave cut-off RmtKmax, where Rmt is the smallest atomic sphere radius inside
the unit cell and Kmax is the largest vector in equation 4.1. Reducing the
cut-off parameter by about one leads to a reduction of the number of basis
functions up to 50%. A calculation within the WIEN2K code consists of
two main steps: (a) an initialization step where an initial electron density is
calculated and (b) the self-consistency field (SCF) calculation where the fi-
nal electron density is determined iteratively. Two convergence criteria were
chosen for the convergence of the SCF cycle: total energy and charge con-
vergence. To ensure the correct interpretation of the results, the convergence
of the SCF cycle and the calculated properties were tested by progressively
increasing the plane wave cut-off or the number of k-points in the Brillouin
zone. Thus, the calculated density of states (DOS) and energy-loss function
(ELF) were tested for convergence as described in the following steps [94],
[76]:
• completion of a converged SCF calculation;
• simulation of the DOS and ELF;
• progressive increment of the cut-off parameter or the number of k-
points;
• recalculation of the DOS and ELF;
• comparison with previous results.
The procedure was iterated until no further changes were visible in the sim-
ulated properties. Figure 4.2 shows the total DOS calculated for different
numbers of sampling k-points in the Brillouin zone. In general, the mini-
mum number of k-points required for the convergence of the SCF strongly
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Figure 4.2: Total DOS of TiO2 anatase calculated for (a) 5000, 1000 and 500
k-points and (b) 500, 100, 50 k-points in the Brillouin zone. The
Fermi level is indicated by a vertical dotted line at 0 eV.
depends on the type of material (metal, semiconductor or insulator) and the
size of the unit cell. Usually, metals require more k-points than insulators
and large unit cells need fewer k-points than small unit cells (larger reciprocal
space). Since anatase is an insulator, the convergence of the SCF cycle with
energy and charge was reached with less than 100 k-points, however small
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differences in the DOS were still visible between 1000 and 5000 k-points (fig-
ure 4.2 (a)). No significant changes were observed increasing the number of
k-points up to 5000.
Figure 4.3: Energy-loss function calculated for different numbers of k-points in
the Brillouin zone, for the two orientations perpendicular (a) and
parallel (b) to the c-axis.
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For the calculation of the energy-loss function, the sampling of the Bril-
louin zone was also tested for convergence. Figure 4.3 shows the simulated
energy-loss function for different sampling of the Brillouin zone. In general
the energy-loss function is a symmetric tensor with up to six independent
elements. In the case of tetragonal symmetry as for anatase, the energy-
loss tensor has only two independent components ELFxx = −Im( 1
xx
) and
ELFzz = −Im( 1
zz
), perpendicular and parallel to the c-axis of the crystal.
In figure 4.3 (a) and (b) both components are shown respectively. No signif-
icant changes of the energy-loss functions were found up to 1000 sampling
k-points. The DOS and ELFs were also tested for convergence of the number
of LAPWs. The plane-wave parameter cut-off was varied from 6 to 9. In be-
tween these values, the results turned out not to be sensitive to RmtKmax. In
summary, as no significant changes were observed up to a plane wave cut-off
of 7 and a sampling of 1000 k-points in the whole Brillouin zone, all elec-
tronic (and optical) properties of anatase bulk were calculated using these
parameters.
4.2.2 Exchange-correlation functional
As discussed in chapter 2, the form of the exchange-correlation functional
in the Kohn-Sham procedure is not known. A widely used approximation is
called local density approximation (LDA) [73] where the exchange-correlation
functional has the form:
ELDAxc [ρ(r)] =
∫
ρ(r)omoxc [ρ(r)]dr (4.2)
with xc[ρ(r)] being the exchange-correlation energy density of the homoge-
neous electron gas omoxc [ρ(r)]. Hence, the inhomogeneous electron system at
each point r is replaced by an homogeneous electron gas having the same
density of the inhomogeneous system at r. An improved approximation of
the LDA is the generalized gradient approximation (GGA). In the GGA the
exchange-correlation energy density is a function not only of the electron
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density, but also of its gradient. As the GGA approximation underestimates
the band gap to a lesser extent than the LDA, calculations of the anatase
properties were performed in the GGA approximation.
Figure 4.4: Calculated total (a) and projected DOS (b) and (c) of anatase. The
total DOS is decomposed into the O s and O p (b) and the Ti s, Ti p,
Ti d (c) components. The Fermi level is taken at the zero energy
(vertical dotted line) and it corresponds to the top of the valence
band.
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The calculated total and projected density of states using the GGA ap-
proximation is shown in figure 4.4. The band gap is of 2.16 eV, smaller
than the experimental gap of 3.2 eV measured for anatase by absorption
spectroscopy [95]. The estimated band gap value is consistent with anatase
band gaps found in the literature, calculated using the GGA approximation
[41], [42], [43]. In the simulated DOS, the lower valence bands lie at about
- 17 eV below the Fermi level (vertical dotted line at the zero energy), and
are mainly composed of O 2s. The upper valence band has a width of 4.7 eV
and is formed by the strong hybridization between O 2p and Ti 3d electrons
[41], [42]. The conduction bands below 8 eV are mainly composed of Ti 3d
electrons where the two distinct structures below and above 5 eV have t2g
and eg characters respectively due to the splitting of the Ti d orbitals in an
octahedral ligand field.
4.2.3 Dielectric function
The complex dielectric function of anatase was calculated within the RPA
approximation (see chapter 2) using the OPTIC package of the WIEN2K code
(see chapter 2). Local fields effects were not included in the calculation. As
discussed in chapter 2, the imaginary part of the complex dielectric function
is computed by the OPTIC program as follows:
Imi,j =
4pi2e2
m2ω2V
∑
v,c,k
|〈ψvk|pi|ψck〉|2 × ρ(Eψck − Eψvk − ~ω) (4.3)
where V is the volume of the unit cell, pi is the momentum operator and
Eψck and Eψvk are the calculated GGA eigenvalues that populate the joint
density of states. The real part of the dielectric function is determined using
the Kramers-Kronig relation (chapter 2). The GGA eigenvalues in equation
4.3 were computed up to 80 eV above the Fermi level. To account for the
underestimation of the band gap, a scissor operator [73] was introduced to
displace the valence and the conduction bands relative to each other by a
rigid shift of 1.04 eV, so that the calculated band gap is in agreement with
the experimental value.
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Figure 4.5: Real part of the dielectric tensor components perpendicular (a) and
parallel (b) to the c-axis of the crystal. Solid curves are the calculated
functions, dotted curves are obtained from reflectivity measurements
by Kramers-Kronig analysis (taken from [45]).
Figure 4.5 and 4.6 show the calculated real and imaginary parts of the
complex dielectric function for the two independent components xx and zz
perpendicular (E ⊥ c) and parallel (E ‖ c) to the c-axis of the crystal. The
same figures also report a comparison of the calculated functions with exper-
imental optical data [45], obtained by synchrotron radiation measurements.
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Figure 4.6: Imaginary part of the dielectric tensor components perpendicular
(a) and parallel (b) to the c-axis of the crystal. Solid curves are
the calculated functions, dotted curves are obtained from reflectivity
measurements by Kramers-Kronig analysis (taken from [45]).
A Lorentzian broadening of 0.3 eV was applied to the theoretical results
to account for the limited resolution of the experiments. An overall good
agreement with the experimental data was obtained for both components in
terms of relative peaks intensities and energy peaks positions. Discrepancies
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between calculated and experimental intensities were mostly observed at low
energies. Hosaka et al. [45] used synchrotron radiation to obtain polarized
reflectivity data of anatase single crystals and applied the Kramers-Kronig
transformations to retrieve the complex dielectric functions. The results of
the Kramers-Kronig transformations are very sensitive to the parameters
adopted during the transform, especially in the low energy region. Thus,
the discrepancies between the calculated and experimental intensities of the
peaks may be due to the Kramers-Kronig transformations. However these
differences were less evident in theoretical calculations of anatase dielectric
functions performed within the DFT framework [42].
At zero energy, the real part of the dielectric function has the calculated
value of 5.85 and 5.59 for the perpendicular and parallel component respec-
tively. These values correspond to the ordinary and extraordinary static
dielectric constants of the crystal and well agree with the measured values
for anatase by reflectivity experiments [45], [46]. A more detailed explanation
of the features of 1(E) is given in the next section.
As discussed in chapter 2, maxima in 2(E) identify valence to conduction
bands transitions. In the 4 – 8 eV region of 2(E), the major peaks correspond
to electronic transitions from the top valence band to the Ti 3d t2g and eg
orbitals in the conduction bands, while at higher energies the peaks in the
35 – 45 eV region identify the Ti M2,3 edges, i.e. transitions from the Ti
3p orbitals in the upper valence band to the Ti 3d t2g and eg orbitals in the
conduction bands. A more detailed examination of 2(E) is given in the next
section.
4.2.4 Energy-loss function
The energy-loss function was calculated by the OPTIC package according
to the equation:
Im(− 1
i,j(E)
) =
2i,j(E)
21i,j(E) + 
2
2i,j
(E)
(4.4)
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and is reported in figure 4.7 (a) for both perpendicular (continuous line) and
parallel (dashed line) components. A comparison between the calculated and
the experimental loss-function is reported later in section 4.4.2.
Figure 4.7 reports a summary of the calculated energy-loss function and
dielectric functions. No scissor operator was applied in the calculations to
avoid misleading interpretation of the peaks in the loss function. As dis-
cussed in chapter 2, in the free-electron gas model, collective oscillations of
the valence electrons are identified in the energy-loss function at energies
positions where 1(E) passes through zero with a positive slope. In figure
4.7 (b), 1(E) crosses the abscissa axis with positive slope at Exx = 10.6 eV
and Ezz = 11.8 eV, energies that correspond to the volume plasmons at
Exx = 11 eV and Ezz = 12 eV in the calculated energy-loss function 4.7 (a).
These plasmons originate from the collective excitation of approximately 14
and 16 valence electrons per volume of unit cell, in the x and z direction
respectively, as shown in figure 4.8. Thus, as the collective excitation in the
z direction involves more valence electrons than that in the x, the plasmon
excitation at Ezz = 12 eV in the energy-loss function is more intense (and
shifted at higher energy) than that at Exy = Exx = 11 eV. A second collective
excitation is identified with the broad peak at Exx = Ezz = 28 eV and cor-
responds to the small linear increase of 1(E) starting at 25 eV and a linear
decrease of 2(E) around the same energy. As discussed in chapter 2, the
free-electron model does not provide an accurate description of the plasmon
losses for semiconductors and insulators. Thus, if bounded electrons are in-
cluded in the model: (i) the plasmon peak is shifted to a higher energy value
by an amount equal to the band gap energy, (ii) the corresponding energy
value in 1(Ep) = 0 is also shifted (1(E) does not necessarily cross the ab-
scissa axis in Ep). The plasmon excitation at 28 eV dominates within a large
energy-loss region of the loss function and it originates from the collective
oscillation of electrons in the hybridized orbitals of the Ti 3d and O 2p states,
which occupy a large energy region of the valence band.
Additional peaks were observed in the calculated loss function: a small
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Figure 4.7: Calculated energy-loss function (a), real (b) and imaginary (c) com-
ponents of the dielectric function of anatase TiO2 for the perpendic-
ular (continuous curves) and parallel (dashed curves) components.
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Figure 4.8: number of effective electrons per unit cell calculated using the Bethe
sum rule (chapter 2).
feature in the 4 – 8 eV energy region and a pronounced double peak at
39 and 42 eV. All these features are associated with interband transitions
from valence to conduction bands and occur at the energy of the maxima
in 2(E). Figure 4.7 (c) shows four major maxima in 2(E) at Exx ≈ Ezz
≈ 4 eV, 7 eV, 36 eV and 39 eV. These energies correspond to peaks in the
calculated energy-loss function at Exx ≈ Ezz ≈ 4.5 eV, Exx ≈ Ezz ≈ 8 eV,
Exx ≈ Ezz ≈ 37 eV and Exx ≈ Ezz ≈ 41 eV. The energy shift of the peaks
in the energy-loss function results from equation 4.4.
The peaks at 4.5 eV and 8 eV in the calculated energy-loss function
identify single electron transitions from the O 2p orbitals in the valence band
to the Ti 3d t2g and eg orbitals in the conduction band [41], [42], [43]. Asahi
et al. [42] observed that the optical anisotropy (dichroism) of anatase in the
low energy region of 2(E) (hence in the energy-loss function) originates from
the dipole selection rule which forbids optical transitions between states of
equal symmetry. In particular, direct dipolar transitions dominate for the
E ⊥ c polarization. This behaviour can be explained by examining the
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electronic structure of anatase [42]: the upper valence band is dominated by
O 2p states which are mostly non bonding (O p pi non bonding ligand group
orbitals), while the bottom of the conduction band is mostly determined by
non bonding 3dxy orbitals. Transitions from the non bonding O p orbitals
in the valence band to non bonding dxy states in the conduction band are
allowed for E ⊥ c and forbidden for E ‖ c, hence direct dipolar transitions
dominate for the E ⊥ c polarization.
The double peak observed at 37 eV and 41 eV in the calculated energy-loss
function identifies transitions from the Ti 3p 1
2
and 3p 3
2
states in the upper
valence band to the Ti 3d t2g and eg orbitals respectively in the conduction
bands, according to the selection rules (chapter 2). These types of transitions
are labelled as Ti M2,3 edges. The excitation of the Ti 3p electrons occurs
before the exhaustion of the valence electron transitions as shown in figure
4.8 where the number of effective valence electrons contributing to the loss
at approximately 35 eV is below the saturation value.
4.3 Experimental determination of the anatase
dielectric function and energy-loss func-
tion by EELS
In this section the experimental determination of the complex dielectric
function and energy-loss function of anatase is presented for two orientations
of the crystal, the [100] and the [001], for which the anisotropic c-axis is
parallel and perpendicular to the surface of the specimen, respectively. In the
upcoming paragraph, the description of the TEM sample preparation of the
anatase films used for the EELS measurements is reported and it is followed
by the explanation of EELS analysis routines such as the removal of the
elastic signal and relativistic losses from the inelastic scattering distribution.
Finally, the experimental results are reported and discussed in comparison
with the theoretical data.
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4.3.1 Bulk anatase sample preparation
Focused ion beam (FIB) milling was used to prepare anatase bulk TEM
samples. The advantage of FIB in comparison with more conventional tech-
niques, such as ion milling or mechanical polishing, stems for the ability to
cut the specimen at any user-defined direction. Thanks to this ability, a
single anatase substrate in the [001] orientation was purchased by PI KEM
in the form of a 3 × 3 mm wafer, and cut along perpendicular directions to
obtain [100] and [001] oriented samples.
The FIB milled specimens were prepared using an FEI 600 Helios Nanolab.
Samples were gold coated for 2 min at 25 mA, followed by electron (2 kV,
5.5 nA) and ion (30 kV, 0.46 nA) beam platinum deposition in the Helios
system. Different milling parameters were chosen to obtain [100] and [001]
sections.
Due to the thermodynamic instability of the (001) surface [20], anatase
can reduce easily. Thus, for the [001] section, the milling stages were carefully
chosen to minimize severe reduction of the specimen surface induced by the
ion beam current and momentum. Initial cross-sections and cleaning cross-
sections were milled at 30 kV and ion beam currents of 6.5 nA and 0.92 nA
respectively. The lamella was attached to an OmniProbe needle, lifted out
and attached to an Omnigrid TEM grid at 30 kV and 93 pA. Thinning sec-
tions were milled at 30 kV gradually reducing the ion beam current: 2.8 nA,
0.92 nA, 93 pA. Final clean cross-sections were obtained in two steps: 5 kV
and 8 pA, 2 kV and 3.2 pA.
In the case of the [100] orientation, initial cross-sections and cleaning
cross-sections were milled at 30 kV and beam currents of 21 nA and 6.5 nA
respectively. Section thinning was carried out at 30 kV using reducing beam
currents 0.46 nA, 93 pA. Clean cross-sections were obtained by milling at
5 kV and beam current of 47 pA.
Figure 4.9 (a) and (b) are HAADF-STEM and BF-TEM images of the FIB
section in the [001] orientation taken at 300 kV. For STEM, an electron probe
convergence semi-angle of 10 mrad, a probe diameter of about 1 nm and inner
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Figure 4.9: HAADF-STEM (a) and BF-TEM (b) images of the [001] anatase
FIB section, and SAED pattern (inset in (b)). Corresponding high
resolution HAADF (c) and BF (d) images taken from region B, and
D (inset in (d)). (e) and (f) BF-TEM and HAADF-STEM images
of severely damaged sections prior the optimization of the milling
steps.
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and outer collection semiangles of 40 and 160 mrad were used respectively.
The BF image was recorded with a negative spherical aberration coefficient
of -2.67 µm and a defocus ∆f = 0 nm. Shown in the inset of figure 4.9 (b)
is the selected area diffraction pattern taken from the FIB section displaying
the [001] zone axis of anatase.
Both HAADF and BF mass contrasts indicate that the specimen thickness
is not uniform across the section, but thinner areas of constant thickness
were milled close to the right edge of the sample (marked regions in figure
4.9 (a)). Low loss spectrum images (section 4.4) acquired from these thin
areas indicated that their mean absolute thickness is t ≈ 60 nm.
Shown in figure 4.9 (c) and (d) are high resolution HAADF and BF
(∆f = 28 nm) images of a sample area including region B. The measured lat-
tice spacing was of 0.189 ± 0.002 nm corresponding to the distance between
the (200) planes of the anatase crystal. Deviations from this value are due
to calibration errors. The observable mottled contrast is characteristic of the
amorphous damage caused by the ion beam current. The inset of figure 4.9
(d) shows the lattice image of region D, which reproduces the mottled appear-
ance of the phase contrast indicating that atomic displacement has occurred.
However, it is worth mentioning that all images except 4.9 (a) were taken
after repetitive EELS measurements. This choice was necessary to ensure
that regions where the dielectric function was measured were representative
of the anatase crystal structure. Due to the thermodynamic instability of the
(001) surface, imaging at high resolution before EELS will have irremediably
damaged the crystal structure.
Shown in figure 4.9 (e) and (f) are BF-TEM and HAADF-STEM micro-
graphs of [001] FIB sections obtained following the milling stages described
for the cutting of the [100] oriented section. From the BF contrast it ap-
pears that the specimen was heavily damaged by the ion beam, showing
bending contrast as well as thickness contrast (e.g. due to cracking along
crystallographic planes). Surface damage of the specimen is observed in the
HAADF image 4.9 (f) showing Moire´ fringes caused by the interference of
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a surface damaged layer with the bulk crystal structure. The inset shows
the displacement damage (and contamination) occurring after EELS. Con-
sequently, the milling steps chosen for the cutting of this section irreversibly
damaged and weakened the specimen, and were modified according to the
procedure described earlier which minimizes the atomic displacement.
Figure 4.10: (a) and (b) HAADF-STEM images of the [100] anatase FIB section.
Corresponding high resolution BF-TEM (c) and SAED patter (d).
Figure 4.10 (a) and (b) report HAADF-STEM images of the FIB section
cut in the [100] orientation. Images were taken at 300 kV with the acquisition
parameters of figure 4.9 (a). The film, as well as the deposited gold and
platinum layers, are visible. From the HAADF contrast, two distinct regions
of uniform thickness are distinguished. As Z-contrast and mass contrast
dominate in HAADF imaging, the darker region of the film corresponds to a
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thinner area. The mean absolute thickness of this thin region was determined
by low loss EELS (section 4.4) and calculated to be ≈ 90 nm.
Shown in figure 4.10 (c) is an high resolution BF-TEM image taken at
300 kV, with a negative spherical aberration coefficient of -89.39 µm and a
defocus ∆f = 0 nm. The measured lattice spacing was of 0.35 ± 0.002 nm
which corresponds to the distance between the (011) planes of anatase.
Figure 4.10 (d) shows the selected area diffraction pattern taken from
the FIB section, indicating the [100] zone axis of anatase. By comparing
the HAADF images of the FIB sections in the [001] and [100] orientations it
is clear that the previous suffers from ion beam damage more heavily than
the latter. This may be due to the higher instability of the (001) surface
compared to the (100) surface. The lattice image of figure 4.10 (c) also
shows mottled contrast as well as striped regions representing traces of the
ion beam, indicating that the substrate can be easily damaged by the milling
also in the [100] orientation.
Contamination from hydrocarbons is observed during STEM imaging in
both [100] and [001] orientated samples. Due to the high beam current car-
boxyl groups present on the surface of the specimen can diffuse towards the
beam position and adsorb at the surface, preventing imaging of the specimen
and analysis. Selloni et al. [20] reported that the adsorption energy of formic
acid (HCOOH) for anatase is higher than that of water of about 0.2 eV, mean-
ing that HCOOH can replace water absorbed at the surface. Contamination
was removed by plasma cleaning treatment in which an oxygen plasma re-
moves hydrocarbons by oxidation into CO, CO2 and H2O which are readily
removed by a vacuum system. For all sections, an hydrogen-oxygen mixed
plasma (H2/O2) was used at a flowing rate of 6.4 and 27.5 sccm for O2 and
H2 respectively. The duration of the plasma treatment was of 20 s. All
specimens were plasma cleaned before insertion in the TEM in the Solarus
system.
Figure 4.11 (a) and (b) show the [001] specimen before and after STEM
imaging. A contamination pillar is formed at the probe position after 10 s
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Figure 4.11: (a) and (b) HAADF-STEM images of the [001] FIB section before
and after imaging.
if no plasma cleaning treatment is carried out. An identical behaviour was
observed in the case of the (100) surface. However, the rate of contamination
was higher for the [001] section than the [100]: the hydrocarbons build-up
typically occurred after 30 min exposure of the (001) surface in the TEM
versus several hours exposure of the (100). This behaviour may be once again
due to the lower thermodynamic stability of the (001) surface compared to
the (100).
4.3.2 Zero-loss peak removal
One of the largest difficulties to overcome in the analysis of the low loss
region of an EEL spectrum is the removal of the zero-loss peak (ZLP) to
access the inelastic signal, since the tails of the zero-loss signal extend to
the bandgap region and obscure low energy-loss transitions. The difficulty
of removing the ZLP stems for the uncertainty of an analytical function
that fully describes the experimental shape of the peak. Over the last few
years, different routines for the removal of the ZLP have been introduced
[54], [80], [96], but in general there are two main ways in which the ZLP is
removed. The most commonly used method involves the subtraction of a
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modelled or separately recorded ZLP [80], [96]. The second method involves
a deconvolution of the ZLP from the EEL spectrum [54], [80], [96]. A brief
description of these methods is given in the next section.
4.3.2.1 Subtraction of a modelled zero-loss peak
The subtraction routine for the removal of the ZLP consists of modelling
the experimental ZLP with a fitting function followed by the subtraction of
the modelled ZLP from the energy-loss spectrum. The most used model of
the ZLP is obtained by mirroring its left-hand tail about the zero energy.
An alternative employed model is given by fitting the right-hand tail of the
ZLP with a power law function. Alternative approaches include: logarithm
tail fit (the right-hand tail of the ZLP is fitted with a logarithmic function),
Gaussian fit (fits the ZLP with two Gaussian functions to the ZLP), Gaussian
and Lorentzian fit (fits the ZLP with the sum of a Gaussian function and
a Lorentzian function), Gaussian and Lorentzian squared fit (fits the ZLP
with the sum of a Gaussian function and a Lorentzian function squared) and
Maxwell-Boltzmann fit (fits the ZLP with a Maxwell-Boltzmann distribution)
[79].
The reflected (mirrored) tail model of the ZLP assumes that the elastic
tails are relatively symmetric and therefore it is generally used when data
are collected with a monochromated system. This technique has the dis-
advantage of introducing additional noise to the EEL spectrum from the
left-hand tail and therefore recorded spectra with a high signal to noise ra-
tio are required. The power law fitting method is only suitable for wide
bandgap (> 3 eV) materials and its application is limited to insulators with
large bandgaps. Details on the remaining routines can be found in the EELS
analysis user manual of the DigitalMicrograph software.
4.3.2.2 Subtraction of a recorded zero-loss peak
Attempts to model the ZLP entail substantial uncertainty in the modelled
peak and, therefore, a separately measured experimental ZLP (usually in
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vacuum) is often used to carry out a scaled subtraction of the ZLP in the
low loss spectrum. The fundamental flaw of this method lies in the choice of
an energy window over which the integrated intensity of both the ZLP and
the low loss spectrum must be matched. Rafferty et al. [96] observed that
if the spectrum is scaled with an energy window from -δ to +δ centred on
the ZLP, then a relatively good fit can be made. However, because of the
difference in shapes of the separately recorded ZLP and the low loss ZLP
the fit in the tail region can result in very large errors revealing band gaps
of arbitrary sizes. Therefore an energy window in the range of +δ to +∆
(∆ < Eg) is commonly used in scaled subtractions to obtain more reliable
bandgap values.
A novel algorithm for the low loss EELS background subtraction at very
low energies (< 2 eV) has been presented by Reed and Sarikaya [97]. This
technique requires the separately acquisition of a background spectrum, pro-
viding that the instrument conditions are identical for the background and
low loss measurements. The acquired background spectrum is then interpo-
lated (good results have been achieved with a cubic spline) and matched to
the ZLP in the low loss spectrum using curve-fit techniques.
4.3.2.3 Deconvolution of the zero-loss peak
The experimental EEL spectrum can be defined as a convolution of the
ZL spectrum and an ideal single scattering distribution [54]. Thus, a decon-
volution, rather than a subtraction, of a modelled or separately measured
ZLP from the recorded EEL spectrum is in general a more accurate method
to remove the experimental ZLP. The deconvolution routine has been shown
to be currently the most accurate method for the removal of the ZLP [80]
and is usually performed in conjunction with the removal of the multiple
scattering by the Fourier-log deconvolution method (chapter 2). As in the
subtraction method, the first step of the deconvolution routine consists of
fitting of the elastic signal with model functions. These model functions are
the same as those described in the section 4.3.2.1. Sto¨ger-Pollach [80] com-
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pared the accuracy of deconvolution routines using different model functions
for the ZLP. The low loss EEL spectra were acquired for SiNx: H samples at
60 kV and 200 kV (figure 4.12). The deconvolution of the ZLP was obtained
using the following fitting methods: separately recorded ZLP in vacuum,
power law fit, mirrored tail fit, logarithmic tail fit, Gaussian and Lorentzian
squared fit.
Figure 4.12: Comparison between deconvolution routines for the removal of the
ZLP of EEL spectra acquired at 60 kV (left) and 200 kV (right) from
SiNx: H samples (taken from [80]). The energy intervals indicated
in the legend specify the range of energies were the fitting of the
ZLP was performed.
Figure 4.12 [80] shows that fitting the ZLP with a separately recorded ZLP
in vacuum allows the deconvolution routine to perform best at 60 kV and
200 kV. At low accelerating voltages relativistic losses do not contribute
to the inelastic signal (see chapter 2) and an acceptable bandgap value is
obtained after the deconvolution. At 200 kV, the deconvoluted inelastic
scattering signal contains the relativistic losses indicating that they have not
been removed by the deconvolution and no artificial bandgap value was intro-
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duced. Thus the fitting of a separately recorded ZLP allows the deconvolution
routine to perform without introducing artifacts in the single scattering dis-
tribution. However, this method requires that the separately recorded ZLP
and the experimental ZLP occupy the same channels of the CCD camera. As
this requirement is often not fulfilled, shifting by sub-channel values generally
needs to be carried out.
4.4 Experimental details
The EELS spectra presented in this section were acquired in a field emis-
sion FEI Titan instrument operating in STEM mode at 300 kV and extraction
voltage of 4.5 kV. The achieved energy resolution was 0.9 eV as measured by
the FWHM of the ZLP. All spectra were acquired with an energy dispersion
of 0.05 eV per channel. The measured convergence and collection semi-angles
were of 10 mrad and 11 mrad respectively. The diameter of the probe was of
1 nm. The acquisition time was of 0.05 s/pixel and 0.08 s/pixel for the [100]
and [001] specimens respectively. Spatial drift correction was carried out ev-
ery 10 pixels and every 5 pixels for the [100] and [001] specimens respectively.
Spectra were averaged over 50 pixels to minimize noise. All EELS data were
corrected for the dark current and the gain variation of the photodiode in
the CCD camera during acquisition. Before EELS acquisition, the specimens
were plasma cleaned for 30 s with a mixed H2/O2 plasma, one time for the
[100] specimen and two times for the [001] sample. These last two treatments
were carried out in the time frame of 2 hours.
The removal of the ZLP and multiple scattering was performed by the
Fourier-log deconvolution routine available in DigitalMicrograph. The mir-
rored tail fitting model was used for the deconvolution with a cut-off point
of 1.5 FWQM (from this point the right-hand tail of the ZLP is a mirror
replica of the left-hand tail). Despite the correction for the dark current
during EELS acquisition, subtraction for a constant value was carried out on
the experimental spectra to zero the left-hand tail of the ZLP. This further
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correction ensures the precise mirroring of the left-hand tail of the ZLP. In
order to avoid noise amplification in the deconvolution, the extracted ZLP
was used as the reconvolution function (chapter 2).
The dielectric and energy-loss functions of the specimens were obtained
from the single scattering distribution by the Kramers-Kronig transforma-
tions (chapter 2). The refractive index was averaged between the visible
ordinary (nxx) and extraordinary (nzz) indexes and their values were taken
from the ellipsometry measurements in [46], in agreement with the theoreti-
cal values obtained in section 4.2.3. The calculated average refractive index
was 2.4.
Figures 4.13 and 4.14 (a) show the real and imaginary parts of the dielec-
tric function obtained from the [100] (black curves) and [001] (red curves)
specimens. Optical data extracted from [45] are also shown in figure 4.13
and 4.14 (b) for both perpendicular (dark curves) and parallel (red curves)
components. In section 4.2.1 it was mentioned that the dielectric function of
anatase is a tensor whose diagonal elements are ⊥ = xx = yy and ‖ = zz,
perpendicular and parallel to the anisotropic c-axis of the crystal. In the low
energy-loss region, the momentum transferred in the beam direction is small
and the energy-loss function can be written as :
Im(
−2
‖sin2γ + ⊥(1 + cos2γ)
) (4.5)
where γ is the angle between the direction of the electron beam and the
anisotropic axis. When the direction of incidence of the electron beam is
parallel to the c-axis of the crystal, γ is 0◦ and the energy-loss function
reduces to Im(− 1
⊥
). Thus ⊥ can be easily determined by orienting the
anisotropic axis of the crystal parallel to the electron beam. This is the
case of the [001] specimen, where the c-axis is perpendicular to the crystal
surface exposed to the electron beam. On the other hand, when γ is not zero,
the energy-loss function is determined by both parallel and perpendicular
components. Thus in TEM, the geometry of the experiment prevents the
direct measure of Im(− 1
‖
). In the case of the [100] specimen, γ is 90◦ and
the energy-loss function is equal to Im(− 2
‖+⊥
).
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Figure 4.13: (a) Real part of the dielectric function obtained from EELS mea-
surements of the [100] (black) and [001] (red) samples. (b) Real part
of the dielectric function obtained from reflectivity measurements
[45] for both parallel (black) and perpendicular (red) components.
The comparison between the experimental dielectric functions in figures
4.13, 4.14 shows that a qualitatively good agreement between EELS and op-
tical data was obtained. In particular, in the case of EELS, the anisotropic
behaviour of the crystal agrees well with that displayed by the optical data.
Besides discrepancies due to the higher energy resolution of the optical ex-
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Figure 4.14: (a) Imaginary part of the dielectric function obtained from EELS
measurements of the [100] (black) and [001] (red) samples. (b)
Imaginary part of the dielectric function obtained from reflectivity
measurements [45] for both parallel (black) and perpendicular (red)
components.
periments, differences in the relative intensities of the peaks observed in the
case of the [100] specimen are due to the fact that the dielectric functions in
this orientation are not purely determined by the parallel component. Major
discrepancies were observed in the low energy region, where both 1(E) and
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2(E) distributions determined by EELS are shifted towards lower energies.
Sto¨ger-Pollach [70],[80] extensively demonstrated that the shift at low ener-
gies of the dielectric functions following the Kramers-Kronig transformations
is caused by the C˘erenkov radiation losses present in the inelastic scattering
distribution. As discussed in chapter 2, at high acceleration voltages and for
semiconductors the C˘erenkov losses are not negligible and need to be sup-
pressed from the SSD in order to determine the real dielectric functions (and
energy-loss function).
4.4.1 Removal of the C˘erenkov losses
The contribution of the C˘erenkov losses to the EELS spectrum can be re-
duced or suppressed during acquisition by reducing the acceleration voltage,
producing thin specimens and using large spectrometer collection angles. An
alternative method to suppress the C˘erenkov losses from the EELS spectrum
is the off-line correction algorithm proposed by Sto¨ger-Pollach [80]. This
routine is an iterative method to remove the C˘erenkov losses and repetitively
applies the Kro¨ger equation to the recorded spectrum. A schematic of the
off-line correction method is shown in the flux diagram of figure 4.15.
From the original EELS spectrum, Sorig, 1(E) and 1(E) are determined
by Kramers-Kronig transformations and input in the Kro¨ger equation (chap-
ter 2). The resulting output is an EEL spectrum, Skro¨ger, whose relativistic
contribution has been greatly enhanced with respect to Sorig. The difference
between Skro¨ger and Sorig then gives the relativistic contribution that is sub-
tracted to the original spectrum Sorig. The output gives a new SSD, Snew,
which is used as an input to the next iteration. The algorithm is repeated un-
til Skro¨ger converges to Sorig within a predefined convergence criterion (1% in
the flux diagram). The off-line correction algorithm was used to remove the
C˘erenkov losses from the inelastic scattering distributions of the [100] and
[001] samples, and is provided in Appendix B as the C˘erenkov MATLAB
code together with a detailed description of its implementation.
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Figure 4.15: Flux diagram sketching the algorithm for the off-line correction of
the radiation losses from the EEL spectrum.
4.4.2 Experimental dielectric functions and energy-loss
function of bulk anatase
The dielectric functions of anatase after removing the relativistic losses
using the off-line correction method are shown figure 4.16 (a), (b) and 4.17
(a), (b) in comparison with the optical functions (dashed curves).
The shift at low energies observed in the EELS data before removing
the relativistic losses is no longer present and the dielectric functions resem-
ble the optical data more accurately. Figure 8.1 in Appendix B illustrates
1,⊥ before the removal of the C˘erenkov losses and exemplary demonstrates
the improvement obtained after the off-line correction algorithm. However,
anomalies are still noticeable in ⊥. The inset in figure 4.17 (a) reports an
enlarged view of 1,⊥ in the energy region of 0 – 20 eV. The intersection with
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Figure 4.16: Real (a) and imaginary (b) parts of the dielectric function ‖ after
removal of the radiation losses from the EEL spectrum. Continuous
lines refer to experimental EELS data, dashed lines refer to optical
data [45].
the abscissa axis at the energy E = 7 eV was not found in the optical and
theoretical data and it represents an artifact of the Kramers-Kronig trans-
formations. Similarly, the absorption edge in 2,⊥ is shifted at higher energy
(4.4 eV) with respect to the optical bandgap (3.2 eV).
For completeness sake, the experimental dielectric functions of anatase
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Figure 4.17: Real (a) and imaginary (b) parts of the dielectric function ⊥ after
removal of the radiation losses from the EEL spectrum. Continuous
lines refer to experimental EELS data, dashed lines refer to optical
data [45]. The inset reports an enlarged view of 1,⊥ in the energy
interval of 0 – 20 eV.
obtained by EELS are reported in the broader energy range of 0 – 65 eV in
figure 9.2 , in Appendix B, for both perpendicular (dark lines) and parallel
(red curves) components.
The energy-loss functions of anatase obtained from the corrected dielectric
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functions of figure 4.16, 4.17 are displayed in figure 4.18 (a) together with the
simulated distributions (b). A Lorentzian broadening of 0.8 eV was applied
to the theoretical data to account for the energy resolution of the EELS
experiment. A scissor operator of 1.04 eV was also applied. The experimental
and theoretical distributions were normalized by their integrals.
A good agreement between experimental and theoretical data was ob-
tained in the energy range between 0 – 38 eV. The pronounced shift at
higher energies of the titanium M2,3 edges in the experimental spectra at
around 40 – 48 eV is due to the so called local field effects which are not sim-
ulated by the Optic package. Vast et al. [99] demonstrated that in the case
of TiO2 rutile, the inclusions of local field effects (LFE) in the calculations
causes the M2,3 edges to shift at higher energy.
The anisotropic dielectric behaviour of anatase shown in the EEL func-
tions of figure 4.18 (a) well agrees with that predicted by the theoretical
simulations (b), as well as the major features identified in the theoretical
analysis in section 4.2.4. However, the absolute intensities of the peaks in
the spectra deviate from the theoretical values.
These anomalies are shown in figure 4.19 (a) and (b) where the experi-
mental (continuous curves) and theoretical distributions (dashed curves) are
plotted in the energy range of 0 – 38 eV and normalized by their integrals
over the same energy range. Launay et al. [43] observed that including
the specificities of the experiment in the calculations, such as the geometry
used in STEM, the thickness of the sample and the relativistic velocity of
the electrons, improves the simulation of the experimental data. Further
observations explain the differences in the experimental and theoretical dis-
tributions: in the case of the [100] specimen (figure 4.19 (a)), discrepancies
are mainly due to the fact that the energy-loss function in this orientation is
not purely determined by the parallel component, as discussed in the previ-
ous section. In the case of the [001] specimen, main differences are observed
at high energies around the plasmon peak at 28 eV. Besides artifacts in-
troduced by the Kramers-Kronig transformations in the dielectric functions,
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Figure 4.18: (a) energy-loss function of anatase obtained from EELS measure-
ments of the [001] specimen (Im(− 1⊥ ), red line) and the [100] spec-
imen (Im(− 2‖+⊥ ) ≈ Im(−
1
‖
), black line). (b) calculated energy-
loss function for anatase for the perpendicular (red line) and parallel
(black line) polarizations.
these diversities may be due to the thermodynamic instability of the [001]
sample under the electron beam. This instability may cause the surface of
the specimen to reconstruct through reduction of the surface or absorption
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Figure 4.19: Direct comparison between experimental and calculated loss func-
tions for the parallel (a) and perpendicular (b) polarizations. Con-
tinuous lines refer to experimental EELS data, dashed lines refer to
simulated data.
of hydrocarbons, affecting the shape and intensity of the broad loss feature
around 25 – 28 eV [98].
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4.5 Angular dependence of the dielectric func-
tion
Due to the anisotropy of the dielectric tensor of the anatase crystal, it
is possible that both the collection conditions and the orientation of the
specimen may affect the position and/or the relative intensity of the fea-
tures in the low energy-loss spectrum. In this section, the dependence of
the loss spectrum upon these variables are examined both experimentally by
measuring angle resolved low energy-loss spectra, and theoretically through
simulations of the angular dependence of the loss spectrum predicted by the
Kro¨ger equation (see chapter 2).
4.5.1 Experimental results
Various experimental methods have been proposed to measure momen-
tum resolved (angle resolved) low energy-loss spectra. More commonly, such
spectra are recorded in the form of images of low loss spectra, often termed
ω - q (or E - θ) plots, where ω is the frequency (energy) of the losses and q
(θ) is the momentum (scattering angle) of the scattered (incident) electrons.
As described in chapter 2, when EEL spectra are recorded in image mode,
the 2D CCD array of the GIF provides a 2D representation of the low loss
spectra, known as the image of the spectrum [100], [101] (figure 4.20 (a)).
This image contains the momentum dispersion at the object plane of the
spectrometer, where q increases (linearly) radially away from the zero order
beam, as schematically shown in figure 4.20 (b). The area of the diffraction
pattern which is dispersed to form the image of the spectrum defines the
range of scattering directions and momentum transferred. Thus, by select-
ing a narrow slit at the spectrometer entrance aperture, a small portion of
the electron diffraction pattern can be dispersed at the object plane of the
spectrometer and a particular range of scattering amplitudes and directions
selected.
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Figure 4.20: (a) Experimental ω - q pattern of silicon (taken from [100]) and
schematic of the angle resolved features of the pattern (b).
An alternative method to acquire angle resolved low loss spectra has been
more recently proposed by He´bert [102]. Spectra are collected in spectroscopy
(diffraction) mode using a parallel beam illumination, and the diffraction
pattern is shifted with respect to the spectrometer entrance aperture using
the projector lens deflection coils. A schematic of this method is shown
in figure 4.21, together with the obtained energy-loss spectra at increasing
momentum transferred for Au. The magnitude of the momentum transferred
to the specimen is determined by the scattering angle of the incident beam
and its maximum value given by the collection semi-angle. Thus, by shifting
the diffraction pattern with respect to the spectrometer entrance aperture
and gradually increasing the collection semi-angle, it is possible to acquire
EEL spectra at increasing momentum transferred (figure 4.21 (a)). The
direction of q is also determined by the collection semi-angle and gradually
varies from parallel to perpendicular to the electron beam (see chapter 2).
As discussed in chapter 2, in the low energy-loss region of the EEL spectrum
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the direction of the scattering vector is mostly perpendicular to the electron
beam (q⊥).
Figure 4.21: (a) Schematic of the method proposed by He´bert [102] for the ac-
quisition of angle resolved EEL spectra from a gold sample (b).
A less accurate method to obtain angle resolved EEL spectra in spec-
troscopy mode using a parallel beam illumination is to gradually increase the
collection semi-angle around the zero order beam centred in the spectrome-
ter entrance aperture, so to select ranges of gradually increasing momentum
amplitudes.
Figure 4.22 shows low energy-loss spectra collected using this method
for the [100] oriented specimen, tilted by few degrees away from the zone
axis ([015] orientation). Elastic and multiple scattering were deconvolved
from the original data using the deconvolution procedure described in section
4.4. A comparison with the EEL spectra calculated using the integrated
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Figure 4.22: Comparison between low energy-loss spectra acquired with α = 0,
at increasing collection semi-angles (a) from the [100] specimen and
calculated spectra using the integrated relativistic Kro¨ger equation
(b).
relativistic Kro¨ger equation (see chapter 2) is also shown in figure 4.22 (b).
Simulations were performed using the MATLAB code provided in Egerton
[54], named Kroeger. The dielectric functions obtained in section 4.4.2 for
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the [100] specimen were used as the input data. The acceleration voltage was
300 kV and the sample thickness 62 nm. The EEL spectra were aligned to
the maximum of the plasmon peak at 12 eV.
A good agreement was found between the simulated and the experimen-
tal data. The intensity of lowest lying features in the spectra appears to
decrease with increasing collection angle. As discussed in chapter 2, at very
small collection angles the scattering cross-section of the relativistic losses is
high, thus the very low energy-loss region of the spectra is dominated by the
radiation losses. In addition to these losses, interband transitions of single
electrons are present, as discussed in section 4.2.4. The hybrid nature of the
low energy loss features is not straightforward in this experiment, but is more
evident in the simulated E - θ maps (section 4.5.2).
In the calculated spectra, the position of the first volume plasmon peak
shifts towards higher energy-losses as the momentum transferred to the spec-
imen increases (larger collection angles). In fact, for collection semi-angles
β  θ0.5E , contributions from different values of q cause a slight broadening
and upward shift of the volume plasmon peak [54]. Thus, in this case, the
parabolic relation predicted by the Lindhard model for the peak energy with
increasing qmax can only be measured for very small collection semi-angles
< 0.1 mrad.
At high energy-losses, mostly non-dispersive features are observed. The
intensity of these features linearly increases with the collection angle. This
increase is due to the volume nature of the losses, as discussed in section
4.4.2, which strongly relates to the number of scattered electrons gathered
by the spectrometer entrance aperture.
The momentum dependence of the low energy-loss spectrum of TiO2 was
analysed in the case of rutile by Vast et al. [99] both theoretically using
DFT and experimentally using EELS. Although the results of this study
address the improvement in the simulation of the spectrum at high energies
due to the inclusion of the local field effects (LFE) in the LDA, it stands out
that variations of the momentum transferred mainly influence the height and
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width of the first volume plasmon peak (see next section). On the contrary,
the features occurring at very low and high energy-losses are poorly affected
by the small momentum transferred accessible by EELS.
4.5.2 Simulation of the angle resolved inelastic scat-
tering cross-section
Figure 4.23 reports low energy-loss spectra for a 100 nm thick anatase
specimen, simulated using the relativistic Kro¨ger equation, integrated over
increasing collection (scattering) angles. The simulated inelastic scattering
cross-section is reported for the two orientations [100] (a) and [001] (b). The
sharp feature at the band gap onset is an artifact of the Kroger code. All loss
features examined in the previous section are reproduced in the simulations.
At large collection angles (> 5 mrad) no significant differences between the
spectra were found. The dependence of the loss function upon anisotropy of
the [001] and [100] orientations, examined in section 4.4.2, for β = 10 mrad
is also reproduced for smaller collection semi-angles.
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Figure 4.23: Simulated low energy-loss spectra for a 100 nm thick anatase spec-
imen in the [100] (a) and [001] (b) orientation, using the relativistic
Kro¨ger equation, integrated over increasing collection semi-angles.
An accelerating voltage of 300 kV was used. The experimental di-
electric functions obtained in section 4.4.2 were used as input data.
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The angular dependence of the loss spectrum of anatase was also ex-
amined by the analysis of calculated E - θ patterns using the MATLAB
code, Kroger, provided in Egerton [54]. Figure 4.24 shows the E - θ pattern
simulated for a 100 nm thick anatase specimen. The dispersion image was
obtained by integrating the simplified Kro¨ger equation, that ignores surface
excitations, over the collection angle. The features identified in the map are
also summarized in figure 4.24. Non-dispersive linear features are observed,
mainly in the high energy-loss range: two broad features at 41 and 49 eV
(M2,3 Ti edges), a linear slowly dispersive feature at 28 eV (second volume
plasmon peak), a non-dispersive linear feature at 25 eV (interband transition)
and a faintly non-dispersive linear feature at 6 eV starting at θ≈ 0.05 mrad
(interband transition). In the low energy-loss regime, C˘erenkov radiation is
seen in the region of the map where 1
v
c
> 1, i.e. E < 8.1 eV. At the asymp-
totic value of 8.1 eV, the intensity of the C˘erenkov radiation suddenly drops,
as the scattering cross-section of the relativistic losses vanishes at large scat-
tering angles. Guided light modes are also visible at very low energy-losses.
Unfortunately, the experimental determination of dispersion images re-
quires a large area of the sample to be exposed under the electron beam and
the specimen to be subjected to a relatively high electron dose. Given the
fabricating cost of the anatase films, experiments exposing the specimens to
risk of damage had to be circumvented.
An alternative experimental approach was also followed to obtain angle
resolved low energy-loss spectra of anatase, according to the method proposed
by He´bert et al. [102] and described previously. However, as mentioned in
[102], in this method, the deconvolution of the multiple scattering is chal-
lenging and the determination of q-dependent low loss spectra becomes a
complicated task.
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Figure 4.24: Simulated E - θ pattern for a 100 nm thick anatase film, obtained
from the simplified Kro¨ger equation that considers only volume ex-
citations. A 300 kV acceleration voltage and a collection semi-angle
of 0.1 mrad were used in the simulation. The dielectric functions
obtained for the [100] specimen, in section 4.4.2, were used as input
data. The colour map was chosen as so to resemble an experimental
image of the spectrum. A summary of the main features identified
in the pattern is also shown.
4.6 Summary
The dielectric function of bulk anatase was determined using a combina-
tion of DFT simulations and EELS experiments. Thanks to this combined
approach the main features of the energy-loss function were characterized
and linked to the real and imaginary parts of the dielectric tensor. The re-
sults of the EELS measurements were discussed and compared with optical
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data in the literature. The comparison between the data was improved by
accounting for the effects of the relativistic losses by removing their con-
tribution from the loss spectrum via an off-line correction algorithm. The
anisotropic dielectric behaviour of the crystal was examined experimentally
for two orientations of the sample: the [100] orientation, for which the elec-
tron beam is perpendicular to the anisotropic axis, and the [001] orientation,
where the electron beam is parallel to the c-axis. These two sample con-
figurations allow to access the (almost entirely) parallel and perpendicular
energy-loss function, respectively. The analysis of the EEL spectra showed
that, at large collection angles (≈ 10 mrad), the position of the O 2p to Ti
3d single electron transition at ≈ 6 eV, as well as the position and shape
of the first volume plasmon peak, are mainly affected by sample orientation.
The angular dependence of the loss function was also investigated by col-
lecting EEL spectra with increasing collection semi-angles, and theoretically
through simulations of the inelastic scattering cross-section predicted by the
Kro¨ger equation. At small scattering angles (< 0.1 mrad), C˘erenkov radi-
ation and guided modes dominate the spectrum below 8 eV, and gradually
fade out with increasing scattering (collection) angles. Finally, the dielec-
tric functions obtained experimentally using EELS are useful references for
the optical behaviour of bulk anatase, and provide additional data sets to
the limited amount of studies that exists on the dielectric function of bulk
anatase.
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Chapter 5
Electron Energy-Loss
Spectroscopy of TiO2
Nanoplatelets
5.1 Introduction
The electronic structure of nanocrystalline titania can differ remarkably
from its bulk counterpart due to the increased significance of the surfaces
and interfaces. The effect of the reduced size (and shape) upon changing of
the electronic structure can be experimentally investigated at the nanoscale
using the STEM/EELS technique. In particular, the low energy-loss region
of the EEL spectrum contains information on the electronic structure of the
specimen and provides an accurate description of its dielectric behaviour at
the nanoscale. In the work presented in this chapter, STEM/EELS was used
to characterize changes in the dielectric behaviour of titania when the thick-
ness of the specimen is considerably reduced. The results were obtained by
analysing the dielectric response of thin anatase platelets, whose morphol-
ogy and atomic structure were characterized in chapter 3 by HRTEM. As
an aid to the interpretation of the experimental results, theoretical simula-
tions of the EEL spectrum of anatase as a function of thickness variation are
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presented in the following section. The simulations are followed by the exper-
imental STEM/EELS results for platelets oriented along the [001] and [100]
orientations. In these two configurations, the nanocrystals exhibit different
thicknesses to the electron beam, as well as different crystallographic orien-
tations. Provided that the anisotropy of the crystal is negligible in STEM
when large collection semi-angles are used, the [001] and [100] platelets can
be used to explore the variation with thickness of the dielectric behaviour of
titania. This result is also achieved by investigating the EELS response of
an increasing number of overlapping platelets.
5.2 Theoretical study of the EEL spectrum
of anatase upon thickness variation
In order to predict and understand the spectral features of the EEL spec-
trum of thin anatase platelets, EELS simulations were performed using the
relativistic expression of the inelastic scattering probability formulated by
Kro¨ger [69], [80] (chapter 2). In the transmission geometry, the anatase
platelets can be regarded as thin sheets of material. As described in chapter
2, the inelastic scattering probability of fast electrons penetrating a thin slab
at normal incidence was initially predicted by Ritchie [66] neglecting retar-
dation effects. According to this theory, along with the volume excitations,
surface plasmons originate on each side of the specimen. In thick samples, the
surface plasmons at the top and bottom surfaces are independent from each
other. In particular, the electrostatic fields on each surface do not interact if
the following condition is satisfied:
qst >> 1 (5.1)
where qs is the amplitude of the scattering vector parallel to the surface of
the slab, and t is the film thickness. If t  1/qs, the surface plasmons at
the top and bottom surfaces of the film overlap and couple, and the surface
plasmon energy splits into two modes. The resonance frequency of these
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modes is determined by the relative sign of the charge distribution on both
surfaces. For charges of opposite sign lying on both sides of the film at a
given point (figure 5.1 (c)), the plasmon frequency is higher [68]. Higher
energy modes are also called antisymmetric modes, while low energy modes
refer to symmetric plasmons.
Figure 5.1: Schematic of the electric field lines and charge distributions asso-
ciated with the surface plasmon mode (a) in thick films and the
symmetric (b) and antisymmetric (c) coupled modes in thin films.
The energy of the plasmon in (b) is lower because charges of equal
sign reduce the frequency of the oscillations.
In the case of a free-electron metal film surrounded by vacuum the energy
of the symmetric and antisymmetric modes is given approximately by:
w′s =
ws√
2
√
1± exp(−qst) (5.2)
The semi-classical dielectric formalism introduced by Ritchie was further de-
veloped by Kro¨ger including relativistic effects [69], [80]. The Kro¨ger theory
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allows the energy position and intensity of the surface coupling modes to be
calculated more accurately, especially at small qs values (scattering angles),
where the relativistic effects are important.
Figure 5.2: Dispersion relation of the surface plasmons in a metal thick film
qpt =∞, thin slab qpt = 0.63 and very thin slab (qpt = 0.01). Dashed
and continuous lines reproduce the semi-classical and relativistic dis-
persion relation of the surface plasmons for a thin film qpt = 0.63
(taken from [54]). The light lines are also marked with ω = cqs.
Within these lines, the dispersion relation of the radiative plasmon
is shown.
The relativistic dispersion relation of the surface plasmons can be de-
termined by solving the Kro¨ger equation and is reported in figure 5.2 for
a free-electron metal of different thickness or qpt, where qp = wp/c, and
wp is the volume plasmon frequency. For a thick film, qpt ≈ ∞, the dis-
persion relation of the surface plasmon is identical to that derived in the
relativistic case of fast electrons penetrating a semi-infinite plane interfacing
vacuum. In this case, the surface plasmon energy is mostly independent of
the momentum transfer qs (or qs/qp) and is given by the asymptotic value
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ws = wp/
√
2. Only at very small momentum transferred (or scattering an-
gle) can the plasmon dispersion be observed. As the thickness of the film
is reduced, i.e. qpt = 0.63 < 1, two coupled modes appear. The dashed
lines in figure 5.2 describe the dispersion relation of the Ritchie formalism
determined for qpt = 0.63, whereas the dispersion relation of the plasmons
determined using the Kro¨ger theory is described by the continuous lines for
the same product qpt = 0.63. As predicted by the semi-classical formalism,
the relativistic dispersion relations of the two plasmon modes indicate that
the plasmon frequencies tend asymptotically to the single mode frequency
ws = wp/
√
2 as qs increases. For a defined momentum transferred, the energy
position of the symmetric plasmon mode shifts towards lower energy-losses as
the thickness decreases, while the antisymmetric mode shifts towards higher
energy-losses resulting in a larger splitting. Due to the dispersion relation
of the coupled plasmons, their splitting is usually determined experimentally
using high angle resolution techniques, such as angle-resolved EELS or ω – q
maps obtained in transmission under parallel illumination [103]. In a STEM
experiment where large collection and convergence angles are generally used,
i.e. large integrated qs, the symmetric modes are typically measured, while
the energy-loss probability of the antisymmetric modes vanishes rapidly for
large momentum transferred [103], [32], [104].
Figure 5.3 (a), (b), (c) reports simulated E – θ maps for a [100] anatase
slab of thickness t = 5 nm, 10 nm and 50 nm, respectively, using the Kro¨ger
equation for the inelastic scattering probability (see chapter 2) implemented
in the Kroger code in [54]. The dielectric functions used in the calculations
were taken as the experimental distributions determined by EELS for the
[100] bulk specimen (section 4.4.2). The energy-loss probability was inte-
grated up to a collection angle of 0.05 mrad in order to enhance the visibility
of the plasmon dispersions. The chosen acceleration voltage was of 300 kV.
In figure 5.3 (a) and (b) two strongly dispersive features (A and B) were
observed outside the light lines, which tend asymptotically to two different
values of energy-loss. The dispersive character of these features strongly
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(a)
(b)
Figure 5.3: E – θ patterns simulated using Kro¨ger theory for a [100] slab of
anatase of thickness t = 5 nm (a), 10 nm (b) and 50 (c) nm.
214
5. Electron Energy-Loss Spectroscopy of TiO2 Nanoplatelets
(c)
Figure 5.3: (continued) E – θ patterns simulated using Kro¨ger theory for a [100]
slab of anatase of thickness t = 5 nm (a), 10 nm (b) and 50 (c) nm.
suggests that they are surface related (non radiative surface plasmons) [68].
Thus, as the thickness of the sample increases (c), the dependence of the
plasmon energy upon the scattering angle is negligible and the plasmon in-
tensity is noticeably reduced. In addition, as the sample becomes thicker,
surface guided modes start to appear at discrete energy-losses below 4.1 eV,
where 1 > 2 (see also figure 4.16). The condition 1 > 2 is, in fact, required
for the existence of surface guided modes [105]. For thicknesses larger than
50 nm, the guided modes couple with the C˘erenkov radiation. This coupling
results in a shift towards lower energies of the spectrum onset with increasing
thickness, as illustrated in figure 5.4. Also, the intensity of the relativistic
peak increases with thickness due to the larger scattering probability of the
C˘erenkov radiation.
Figure 5.5 reports the resonance frequencies of the surface plasmon A
as a function of increasing collection angle (integrated qs), extracted from
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Figure 5.4: Simulated relativistic inelastic scattering probability of 300 keV elec-
trons penetrating at normal incidence a [100] thin film of anatase of
thicknesses t = 50 nm, 100 nm and 300 nm. The EELS probability
was integrated over a collection semi-angle of 11 mrad. All spectra
were normalized to the maximum intensity at t = 300 nm.
the simulated integrated E – θ patterns of a [100] anatase slab of thickness
t = 1 nm (qpt = 0.063), t = 5 nm (qpt = 0.316), t = 10 nm (qpt = 0.633). The
dashed line represents the energy of the planar surface plasmon mode relative
to the volume plasmon energy (12.5 eV). The former corresponds to the
frequency for which the dielectric function, 1, is equal to -1 (see chapter 2).
For the [100] anatase specimen, this value corresponds to 9.6 eV (see figure
4.16). The results indicate that, for a defined collection angle, the frequency
of the plasmon mode increases with qp (i.e. thickness). As discussed in the
previous paragraphs, the symmetric plasmon mode follows such trend. In
addition, the frequency of plasmon A increases with the collection angle,
following the dispersion relation of the symmetric plasmon mode observed in
figure 5.2. Thus, only the symmetric coupled mode appears in the energy-
loss spectrum. As expected, the antisymmetric mode is not detectable as the
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scattering probability associated with this mode is small even at very low
scattering angles (< 0.05 mrad).
Figure 5.5: Resonant frequencies of the surface plasmon A as a function of the
collection semi-angle β for qpt = 0.063 (t = 1 nm), 0.316 (t = 5 nm)
and 0.633 (t = 10 nm).
From figure 5.5 it can be observed that the angular dependence of plas-
mon A in the case of a 10 nm thick slab is relevant only for β < 0.5 mrad, and
the plasmon frequency assumes mostly the asymptotic value of 9.6 eV, as for
a thick slab. This observation indicates that the coupling of the plasmons is
mostly relevant for slab thicknesses smaller than 10 nm, which is consistent
with the expected value v/wp (=12 nm) for 300 keV electrons [106]. Sim-
ilarly to figure 5.5, the resonance frequencies of the surface plasmon B are
reported as a function of the collection semi-angle in figure 5.6, for the same
qpt products. The observed trend is very similar to that found previously in
the case of the symmetric plasmon mode. Although it is obvious that the
feature B is surface related, its origin is not straightforward. The asymptotic
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Figure 5.6: Resonant frequencies of the surface plasmon B as a function of the
collection semi-angle β for qpt = 0.063 (t = 1 nm), 0.316 (t = 5 nm)
and 0.633 (t = 10 nm).
value of the plasmon frequency in the case of a 10 nm thick slab is 5.5 eV
(dashed line in figure 5.6). At this energy-loss an interband transition oc-
curs, as discussed in section 4.2.3, for the bulk case, and it corresponds to
an electronic transition from the valence band to the Ti d orbitals in the
conduction band. Thus, plasmon B appears to be related to an interband
transition. Very recently, it was found that surface features that occur at
energies near to interband transitions may be associated to a particular type
of surface excitations named surface exciton polaritons (SEPs) [107], [108],
[109], [110]. Surface exciton polaritons are collective excitations of delocalized
Wannier-type excitons originated at the surface of materials. The existence
of a surface exciton polariton requires that 2 > | 1 | > 0 [107], a condi-
tion satisfied by many semiconductors and insultators above the band gap,
including TiO2. In addition to the condition 2 > | 1 | > 0, the thickness of
the sample must be small. In fact, the material thickness must allow a small
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magnitude of ki, the imaginary part of the complex wavevector parallel to
the surface k = kr + iki [107]. SEPs were very little explored with regard
to EELS measurements, and only very recently observed in HfO2 thin films,
GaN nanoprisms and ZnO nanorods [107], [108], [109], [110] in aloof geom-
etry, where the interband transitions are suppressed and the corresponding
surface features enhanced. However, no experimental evidence of the thick-
ness dependence of the SEPs has been reported within the EELS framework.
Nevertheless, it is expected that the dependence of the plasmon energy of a
SEP upon thickness is similar to that of a surface plasmon polariton, as it is
its dispersion relation [107].
To summarize, figure 5.7 reports the relativistic inelastic scattering prob-
ability of 300 keV electrons penetrating at normal incidence a [100] anatase
slab of different thicknesses, integrated over a collection semi-angle of 11 mrad,
which is the collection angle mostly used in the EELS measurements pre-
sented in this chapter. The following peaks were identified in the energy-loss
spectra:
• P1, peak P1 is located at 5 eV in a 1 nm thick slab, and gradually
blue-shifts to 5.5 eV as the thickness increases up to 20 nm (dark blue
spectrum). The observed blue-shift is in agreement with the dispersion
relations of figure 5.5 obtained for different qpt products. In very thin
samples (t = 1 nm), P1 is the most intense feature of the energy-loss
spectrum, and its relative intensity considerably reduces for thicker
specimens. This observation suggests that P1 is a strongly surface
related feature, and may also be called a surface exciton polariton, as it
appears at the energy-loss for which an interband transition occurs. For
thicker samples, P1 becomes a bulk related feature and corresponds to
an electronic transition between the valence and the conduction bands.
• P2, peak P2 is the surface plasmon mode. The intensity of this peak
is suppressed in thick specimens (t = 20 nm), and gradually increases
as the thickness becomes smaller. The intensity increase occurs at the
expense of the main volume plasmon P3, an effect known as the Begren-
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Figure 5.7: Simulated relativistic inelastic scattering probability of 300 keV elec-
trons penetrating at normal incidence a [100] thin film of anatase of
different thicknesses. The EELS probability was integrated over a
collection semi-angle of 11 mrad. All spectra were normalized to the
maximum intensity at t = 20 nm.
zungs (boundary) effect [54]. The energy position of the P2 plasmon
gradually blue-shifts with thickness. It is located at about 9 eV in a
1 nm thick specimen and shifts up to 9.6 eV in a 10 nm thick specimen.
The blue-shift of the P2 is due to the coupling of the surface plasmon
modes, which causes a larger splitting of the resonance frequencies as
the thickness decreases. Thus, as P2 increases in energy-loss as the
sample becomes thicker, it can be identified as the symmetric mode of
the coupled surface plasmons. In addition, the surface character of P2
can be reduced in thicker specimens by the presence of an interband
transition at 8 eV, where 2 has a maximum (see figure 4.16).
• P3, peak P3 is the volume plasmon at 12.5 eV. It is the dominant
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peak of the spectrum in thick specimens (t = 20 nm) and weakens in
intensity as the thickness reduces, and eventually disappears for very
thin samples (t = 1 nm). The apparent blue-shift in energy is due to
the proximity of the surface plasmon mode, which blue-shifts due to the
plasmon splitting. In other words, the broad peak in the energy-loss
spectrum at ≈ 7 – 15 eV is given by the convolution of peak P2 and P3,
the surface and volume plasmon respectively (see figure 5.8). Thus, as
the surface plasmon blue-shifts with thickness, the volume plasmon in
the convoluted peak will also appear to be blue-shifted. Thus, the blue-
shift of the volume plasmon is only apparent, as a red-shift is generally
observed with reduced thickness. This is due to the larger bandgap
that forms in nanoparticles as the electronic structure changes. Given
that the volume plasmon of bound materials is Ep = Ep,free−electrons +
Egap, an increase of the bandgap in nanocrystals will cause a red-shift
of the plasmon peak [111].
• P4, peak P4 is a broad excitation that extends over a broad energy
range, from 15 eV to 20 eV, for all the thicknesses investigated. This
spectral feature corresponds to a peak in 2 at 17 eV, and identifies a
broad interband transition. The relative intensity of this peak remains
mostly unchanged with thickness, but the absolute intensity grows sug-
gesting a strong bulk character.
• P5, peak P5 is also an interband transition and is related to the peak in
2 at 23 eV. It occurs at 25 eV for all thicknesses investigated. Similarly
to P4, P5 is also a volume feature.
• P6, peak P6 is a volume collective excitation (see chapter 4). It is
located at 28 eV for all thicknesses, and its absolute intensity weakens
with decreasing thicknesses.
• P7, P8, peak P7 and P8 are the M2,3 edges of Ti. Interestingly peak P8
red-shifts with decreasing thickness. It occurs at 46 eV in a 1 nm thick
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sample and gradually shifts to 49.5 eV in thicker samples (t > 3 nm).
On the other hand, P7 does not shift in energy and is located at 40 eV
at all thicknesses. These observations may lead to the conclusion that
peak P8 has a small hybrid surface/volume character, while peak P8
is mainly a volume related feature. The intensities of these peaks are
proportional to the thickness of the sample, in particular P7 is totally
suppressed in very thin specimens.
Figure 5.8: Data fit of the calculated EELS probability of a t = 10 nm thick slab
of [100] anatase, as in figure 5.7. The least squares fitting method
was used using Lorentzian shaped peaks. The baseline was chosen
at y= 0.
To conclude, as the sample becomes thinner, the surface effects dominate
over volume excitations. Thus, the spectral features of the energy-loss spec-
trum are mainly attributed to the imaginary part of the dielectric function
and the shape of the EEL spectrum resembles that of 2. The real part of 
is mainly related to volume excitations and does not play a significant role
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in determining the peaks of the low-loss spectrum. This observation was
previously reported in EELS studies of single wall h-BN nanotubes [35].
The simulations of the relativistic inelastic scattering probability as a
function of sample thickness (and scattering angle) were also performed for
the [001] orientation of anatase. The results were found not to differ sig-
nificantly from those reported in the previous paragraphs for the [100] ori-
entation. This is especially true when large collection angles are used in a
STEM/EELS experiment. Figure 5.9 reports the EEL spectra simulated for
a [001] anatase slab of different thicknesses, 300 keV transmitted electrons,
and β = 11 mrad.
Figure 5.9: Simulated relativistic inelastic scattering probability of 300 keV elec-
trons penetrating at normal incidence a [001] thin film of anatase of
different thicknesses. The EELS probability was integrated over a
collection semi-angle of 11 mrad. All spectra were normalized to the
maximum intensity at t = 20 nm.
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The main differences between the [001] and [100] specimens were found in
the energy-loss region of the spectra below the volume plasmon peak. This
result was expected as the major differences between the dielectric functions
are observed below 15 eV (see Appendix B). As found in chapter 4 for the
bulk samples, the anisotropy of the anatase crystal is mostly restricted to
peak P1 and the shape of the convoluted peak P2-P3. Peak P1 is, in fact,
found at higher energy-loss, at each thickness, with respect to the position
of P1 in the [100] orientation. Thus, P1 is located at around 6 eV in a 1 nm
thick sample and gradually blue-shifts to 6.5 eV in a 20 nm thick sample.
On the other hand, peak P2 is blue-shifted at each thickness with respect
to the energy position found in the [100] sample. It has the value of 8.6 eV
in a 1 nm sample and increases in energy-loss with thickness up to a value
of 9.5 eV in a thick sample. It is worth noting that the volume plasmon
peak energy appears to be located at 13 eV, rather than 12.5 eV (or lower
energy-loss) as a consequence of the artifacts in the dielectric function caused
by the Kramers-Kronig transformations (see chapter 4).
5.3 Sample Preparation
The anatase nanoplatelets samples were synthesized following the pro-
cedure described in chapter 3, section 3.2. TEM sample preparation was
also described in this section, as well as section 3.3. Despite careful washing
treatments of the as-received powder, along with plasma cleaning before in-
sertion into the electron microscope, the formation of carbon contamination
on the surface of the specimen was observed during the EELS experiments.
A contamination layer of carbon gradually builds up on the surface of the
platelets as the STEM probe scans across the specimen, hampering STEM
imaging and EELS acquisition. Figure 5.10 shows an example of carbon
contamination formation in a [001] thin platelet. The contrast variation ob-
served in the HAADF image, indicated by the arrow, is due to the thickness
increase caused by the formation of the carbon layer at the electron probe
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position. As a consequence, in the EELS spectrum, the volume plasmon of
carbon [112] dominates and obscures the spectral features of titania.
Figure 5.10: Formation of carbon contamination on the (001) surface of an
anatase platelet during EELS. The HAADF images were acquired
in STEM mode, using an acceleration voltage of 300 kV, conver-
gence and collection semi-angles of 10 mrad and 25 – 145 mrad,
respectively. During acquisition, the EEL spectrum of the platelet
is obscured by the volume plasmon of carbon. For EELS, a collec-
tion semi-angle of 4.5 mrad was used.
It is known that even in the presence of a clean specimen, contamina-
tion build-up during STEM/EELS experiments may arise from contaminants
present in the as-received carbon grids [113]. In order to test what caused
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carbon contamination, whether the specimen or the support (or both), the
carbon grids were tested for STEM/EELS as-received by the supplier. The
testing procedure of the grids is described in detail in [113]. TEM imaging
confirmed that different graphitic contaminants are present in the as-received
grids. Figure 5.10 shows examples of graphitic structures found in different
regions of the carbon grid: (a) carbon nanotube (MWNT) – like structure,
(b) porous oval shaped graphitic structure and (c), (d) variations in thickness
of the film. STEM/EELS investigation revealed that contamination build-up
Figure 5.11: TEM images of carbon contaminants found in as-received carbon
grids: (a) carbon nanotube (MWNT) – like structure, (b) porous
oval shaped graphitic structure and (c), (d) variations in thickness
of the film.
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is less likely to arise in supports that show low abundance of graphitic struc-
tures in the as-received batch [113]. The contamination test was repeated
for the platelets samples using cleaner as-received carbon grids. The forma-
tion of the carbon contamination was significantly reduced during EELS and
absent in STEM. Final plasma cleaning of the specimen in hydrogen-oxygen
for 30 s, before insertion into the electron microscope, eliminates success-
fully any carbon contamination during the EELS experiments. The mixed
plasma was used at a flowing rate of 6.4 and 27.5 sccm for O2 and H2, respec-
tively. All specimens were carefully stored in a vacuum oven dedicated to
TEM sample preparation. Alternatively, multiple consecutive plasma clean-
ing steps of 20 s, at interval times of 30 minutes (or longer), can be performed
until the contamination is removed (however, more than three consecutive
steps irremediably damage the carbon grid due to thinning of the carbon
support). The contamination eventually starts forming after several hours of
work. Further plasma cleaning successfully removes this contamination.
5.4 Experimental Technique
The low energy-loss spectra presented in this chapter were acquired using
a FEI Titan microscope in monochromated and non-monochromated modes
at the acceleration voltage of 300 kV. Typical energy resolutions were 0.2 eV
and 0.7 eV during monochromated and non-monochromated EELS acquisi-
tion, respectively. Typically used probe sizes were of 0.48 nm and 0.3 nm
in monochromated and non-monochromated experiments, respectively (spot
size 9). The probe convergence semi-angle α was 10 mrad in all experiments.
Additional acquisition parameters such as the collection semi-angle of the
spectrometer, acquisition time and energy dispersion, are detailed for each
experiment described in this chapter.
The spectrum imaging (SI) technique was used to acquire an EELS data
set where an EEL spectrum is collected as the probe is scanned across each
pixel of either a line or a sampling area over the specimen. When the electron
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probe size was smaller than the pixel size, a sub-pixel scanning was activated
to ensure that the spectrum collected from every pixel represented the in-
tegrated signal from the entire pixel area. The spatial drift correction was
performed during acquisition every 1, 5 or 10 pixels according to a conspic-
uous (> 1 nm/pixel) or a small (< 1 nm/pixel) specimen drift. All EELS
data were corrected for the dark current and the gain variation of the photo-
diode in the CCD camera during acquisition. All spectra were acquired over
platelets overhanging a hole in the carbon support.
The HAADF survey images were acquired in STEM mode, using an accel-
eration voltage of 300 kV, convergence and collection semi-angles of 10 mrad
and 25 – 145 mrad, respectively.
Given that the thickness of the specimen platelets is generally very small
(of the order of ≈ 5 nm for [001] oriented platelets), the EEL spectrum is
largely dominated by the elastic signal. To increase the signal to noise ratio of
the inelastic region, the EEL spectra were acquired by shifting the zero-loss
peak out of the detection range by applying a spectrometer drift voltage,
similarly to the acquisition of core-loss spectra. The disadvantage of this
method stems for the difficulty to align the acquired spectra with respect
to a reference point, such as the zero energy. For this reason, the EELS
spectra acquired over the entire detection range were detected immediately
after those for which a drift tube voltage was applied. The latter data were
aligned according to the position of the zero-loss peak of the entire spectra.
The extraction of the zero-loss peak and the removal of the multiple
scattering from the spectra were carried out in DigitalMicrograph using the
Fourier-log deconvolution routine, as described in chapter 4, section 4.4.
5.5 EELS studies of titania nanoplatelets
Shown in figure 5.12 is an HAADF image of a square shaped platelet
of anatase. The right corner of this structure has been etched away during
the synthesis and has been replaced by a sharp step edge. The HRTEM
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image displayed in the inset, taken immediately after EELS, shows the atomic
structure of the platelet at the right edge corner. In the phase contrast,
only one set of lattice fringes is observed, indicating that the platelet is
not aligned in the [001] zone axis, but it is possibly tilted away of a few
degrees. Due to the misorientation of the crystal with respect to the electron
probe, the atomic structure of the platelet is not visible in the high-resolution
STEM image. In addition, the angle formed by the edges at the top right
corner of the platelet is possibly less than 90◦. As already pointed out in
chapter 3, most platelets are not exactly on axis. However, the effect of the
misalignment is minor in EELS because of the large collection angle used in
the experiments that averages out the orientation dependency.
Figure 5.13 shows the deconvoluted EEL spectra, obtained from the orig-
inal data, extracted from the diagonal pixel row of a 9 × 9 pixel SI, surround-
ing the step edge. Each pixel of this row is marked by an open circle in figure
5.12. Along this line of pixels, the STEM probe is equidistant from the edges,
as indicated by the white arrows. Each spectrum is labelled according to the
distance x0 of the probe from the right edge of the platelet (x0 = 0 nm).
This distance is positive when the probe travels in vacuum (aloof geometry)
and is negative when it penetrates the sample (transmission geometry). The
energy range of the EEL spectrum was limited to 0 – 35 eV and excludes
the Ti M2,3 edges. These edges are volume related features (section 5.2) and
have a minor importance in the analysis of the EEL spectrum carried out in
this chapter.
When the electron probe travels in vacuum at x0 = 8 nm from the edge,
the spectra show two features peaked at 4.5 eV and 8.2 eV. The energy
position of these peaks gradually blue-shifts as the probe approaches the
interface. Inside the specimen, at x0 = 12 nm from the interface, the peaks
are located at 5 eV and 9.1 eV. In addition, a broad shoulder starts to appear
at around 12 eV, as well as a broad peak between 16 eV and 35 eV as the
probe penetrates the specimen. The EEL spectra obtained in transmission
resemble the inelastic scattering probability of a thin film of anatase, of the
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Figure 5.12: HAADF image of an anatase platelet of square morphology. The
dashed lines mark the 2D shape of the nanostructure. EEL spectra
were acquired at the probe positions marked by the open circles.
In the inset, a BF-TEM image shows the atomic structure of the
platelet. The measured lattice spacing was 0.2 nm, corresponding
to the distance between the (200) diffracting planes of the anatase
crystal.
type simulated in section 5.2.
Figure 5.14 shows a comparison between the experimental EEL spectrum
obtained in transmission at a distance x0 = 12 nm from the edge and the
calculated relativistic inelastic scattering probability of a 3 nm, 5 nm and
7 nm thick, [001] film of anatase. The observed qualitative good agreement
between the 5 nm spectrum suggests that this estimated thickness is a good
measure of the absolute thickness of the specimen. In addition, it supports
the TEM observations for which square shaped platelets have an estimated
thickness of 5 ± 1 nm.
The agreement between the experimental and calculated results allows
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Figure 5.13: Non-monochromated valence spectra extracted from the diagonal
pixel row of a 9 × 9 pixel SI, surrounding the step edge of the
platelet in figure 5.12. The spectra were acquired with a probe
step of 4 nm. A collection semi-angle of 11 mrad and an energy
dispersion of 0.1 eV/pixel were used during the experiment. Each
spectrum was acquired using a dwell time of 0.2 s.
the experimental spectral features to be identified on the basis of the the-
oretical analysis developed in section 5.2. The peaks at 5 eV and 9.1 eV
observed in transmission, can be assigned to the P1 interband transition and
the P2 surface plasmon of anatase. The broad shoulder following the 9.1 eV
peak is the volume plasmon peak of anatase, located at 12.5 eV. Although
not intuitive, this peak is present and is considerably less intense than in the
bulk case, due to the confined thickness of the specimen. The broad exci-
tation at 16 – 35 eV is a volume related feature, given by the convolution
of the P5 interband transition and the P6 collective excitation. Discrepan-
cies between the experimental and calculated data in figure 5.14 were mainly
231
5. Electron Energy-Loss Spectroscopy of TiO2 Nanoplatelets
Figure 5.14: Comparison between the experimental EEL spectrum and the cal-
culated relativistic EEL probability of 300 keV electrons penetrat-
ing an anatase [001] slab of t = 3 nm, t = 5 nm and t = 7 nm at
normal incidence and x0 = -12 nm.
found in the band gap region, that appears to be red-shifted with respect to
the theoretical data. This effect can be due to artifacts introduced by the
deconvolution routine. In fact, the red-shift of the band gap is not consistent
with the gap broadening observed in metal and semiconductor nanoparticles
[111]. Additional discrepancies are observed in the 16 – 35 eV energy region,
where the intensity of the volume features is slightly underestimated. This
difference may be due to the underestimation of the exact specimen thick-
ness, which can be less than 5 nm. Alternatively, simulations of the EEL
spectra in the correct zone axis may improve the comparison.
To summarize, the EEL spectrum obtained in transmission geometry of a
thin platelet of thickness t < 10 nm differs strongly from that of bulk anatase.
Contrary to what observed for bulk specimens, surface type features dom-
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inate the spectrum within the first 16 eV. For a 5 nm thick platelet, these
surface features peak at 5 eV (P1) and 9.1 eV (P2) at x0 = -12 nm from the
edge. Peak P1 has a hybrid surface/volume character given that it corre-
sponds to an interband transition whose intensity is enhanced by the surface
exciton polariton (see section 5.2). Peak P2 has mainly surface character.
It correlates to the symmetric mode of the surface plasmon originated by
the coupling at the top and bottom surfaces of the platelet, and it partially
accounts for an interband transition (see section 5.2). The energy position
of the peaks in transmission does not change with the probe position for
distances larger than 5 nm from the edge of the platelet. This property is
demonstrated theoretically in the next section for a semi-infinite plane of
anatase. When the electron probe travels parallel to the edge of the platelet,
in vacuum, the volume features are suppressed and only the surface excita-
tions appear in the EEL spectrum. Two peaks at 4.5 eV and 8.2 eV were
identified in this geometry, at x0 = 8 nm. They correspond to the surface
exciton polariton P1 and the surface plasmon symmetric coupled mode P2.
These peaks gradually blue-shift as the probe approaches the interface, or,
in other words, as the impact parameter is reduced. Given that a small im-
pact parameter corresponds to a larger integrated momentum transfer, the
observed blue-shift of the peaks reflects the relativistic dispersion relation of
the plasmons (figure 5.5, 5.6). In addition, peak P1 and P2 gradually lose
their surface character as the probe penetrates the specimen, as described
previously. The gradual loss of the surface nature can cause a blue-shift of
the energy position that approaches the frequency of the volume excitations
inside the specimen. Moreover, the intensity of the peaks decreases exponen-
tially with increasing impact parameter due to the loss of surface character.
Figure 5.16 illustrates the intensity decay of the surface plasmon P2 as a
function of the distance from the edge of the platelet shown in figure 5.15.
The energy position of the plasmon is also plotted in the same graph. Each
value of intensity and energy position was taken at intervals of 4 nm, and
corresponds to the probe positions marked with open circles in figure 5.15.
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Figure 5.15: HAADF image of a square anatase platelet. Non-monochromated
EEL spectra were acquired in aloof geometry with a collection semi-
angle of 11 mrad, an energy dispersion of 0.1 eV/pixel and a dwell
time of 0.1 s/pixel. The probe position is indicated with open
circles, at intervals of 4 nm.
As expected, the intensity of the plasmons decreases as the distance from
the interface is increased, following an exponential trend. The energy po-
sition of the peak shifts towards lower energy-losses, as expected from the
previous analysis. The decay of the surface plasmon is reproduced in the
case of peak P1. The results obtained for P1 are shown in figure 5.17. The
observed trend agrees well with that of P2, even if larger deviations from an
exponential trend are found due the sensitivity of the low energy-loss region
to artifacts introduced by the deconvolution routine. In addition, the lower
decay constant of the intensity of P1 suggests the nature of surface exciton
polarition of this excitation. SEPs have, in fact, a lower decay constant of
surface plasmon polaritons, and can persist several nanometres away from
the interface [107].
Recent studies on the EELS probability of truncated slabs in aloof ge-
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Figure 5.16: Exponential decay of the P2 surface plasmon intensity as a function
of the distance from the left edge of the anatase platelet shown in
5.15. The energy position of the plasmon is also shown as a function
of the probe position, marked by open circles in 5.15.
ometry have shown that two main types of excitations can be found in the
proximity of the sharp corners and edges of the slab [106]. These plasmonic
excitations relate directly to changes in the local geometry and hence charge
distributions in the specimen, and are therefore known as to corner and pla-
nar modes. For thick slabs, the surface planar mode dominates, and gradually
loses its intensity to the advantage of the corner mode (Begrenzungs effect
[106]). As the slab becomes thin enough, the coupling of the edges and walls
causes the excitation of different coupled modes [106]. In order to predict the
exact behaviour of the plasmons in relation to the local geometry, the EELS
probability must be calculated. For this purpose, Garc´ıa de Abajo proposed
a theoretical model based on the numerical boundary method presented in
[106]. Figure 5.18 shows the experimental spectra obtained at three different
positions of the electron probe corresponding to the distance x0 = 4 nm from
235
5. Electron Energy-Loss Spectroscopy of TiO2 Nanoplatelets
Figure 5.17: Exponential decay of the P1 surface plasmon intensity and energy
position as a function of the distance of the left edge of the anatase
platelet in figure 5.15.
the left edge, right edge and corner of the platelet (figure 5.15). Except for
small discrepancies in the intensity of the P2 plasmon, which can be due to
the uncertainty of the probe position, no significant differences were found
between the different cases. This result may be due to the smoothness of
the corner, however, a comparison with calculations is needed for a better
understanding of the experimental results.
EELS studies of square shaped platelets were also carried out in monochro-
mated mode. Figure 5.19 shows the examined sample area represented by an
anatase sheet of square shape, overlapping a similar platelet. The interface
between the structures is marked by the dotted white line in figure 5.19. The
valence spectra were acquired over an area of 16 × 6 pixels, sampling the
region occupied by the single sheet. Figure 5.20 shows the data extracted
from a pixel row of the SI. The spectra are not deconvoluted from the zero-
loss peak. Deconvoluted spectra often have a noticeably lower signal to noise
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Figure 5.18: Valence spectra taken at 4 nm from the right edge, left edge and
corner of the anatase platelet in figure 5.15.
ratio. This effect is a consequence of the low acquisition time used to acquire
spectra over the entire detection range. In fact, the intensity of the ZLP is
considerably high within the platelets due to the reduced thickness of the
specimens. However, multiple scattering events are unlikely to occur and the
original spectra are only affected by the elastic background. The deconvo-
lution routine ensures that the position and the intensity of the peaks are
not misinterpreted. Nevertheless, the original data usually provide a good
estimate of these values. Inspection of the spectral features in figure 5.20
shows that the energy resolution of the spectrum has been enhanced, so that
all the peaks have a better visibility. Despite the improved energy resolution,
all the spectral features follow a similar trend to that observed in the non-
monochromated case. At the interface between the overlapping platelets the
spectrum starts to change. This behaviour will be examined in the following
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Figure 5.19: HAADF image of overlapping square platelets. The single sheet
marked by the dashed line was examined in this monochromated
EELS study. The spectra were acquired along the pixel line marked
by the open circles.
section, for the case of overlapping structures.
From the structural analysis carried out in chapter 3, it was found that
in addition to square morphologies also rhombohedral shapes are present in
the platelet specimens. The EELS of these platelets was also performed in
this work. Figure 5.21 shows an HAADF image of the examined platelet
of rhombohedral morphology, intersecting a similarly shaped platelet. The
EELS spectra were acquired in monochromated mode over a sampling area of
9 × 11 pixels across the platelets. In figure 5.21, each spectrum was extracted
from a pixel row intersecting the single sheet only, as illustrated by the open
circles. The step probe used in this experiment was 1 nm/pixel. The ac-
quisition parameters are identical to those used for the previous experiment.
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Figure 5.20: Valence spectra of an anatase platelet of square morphology ac-
quired in monochromated mode. A spectrometer collection semi-
angle of 11 mrad, an energy dispersion of 0.05 eV/pixel, an acqui-
sition time of 2 s/pixel and a probe step of 1 nm/pixel were used
during this experiment.
The experimental spectra show few differences with respect to the results
obtained for square shaped platelets. When the probe travels within the
specimen, as well as in the aloof geometry, the spectra are dominated by the
peaks P1 and P2, which have a strong surface character. The energy position
of these peaks is 4 eV, 7.9 eV and 4.7 eV, 8.5 eV at x0 = 22 nm in vacuum and
at x0 = 28 nm in transmission, respectively. The volume plasmon at 12 eV
and the volume excitations after 16 eV start to appear as the probe pene-
trates the specimen and have a smaller intensity in comparison to the bulk
case. The energy position of the peaks is identical in the deconvoluted data,
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Figure 5.21: HAADF image of overlapping rhombohedral platelets. The single
sheet marked by the dashed line was examined in this monochro-
mated EELS study. The right-hand corner of the structure has
been etched away. The spectra were acquired along the pixel line
marked by the open circles.
which are not shown due to their poor signal to noise ratio. A direct com-
parison between the experimental spectra of platelets with different shapes
is allowed only for structures of equal thickness in the beam direction. Given
that the absolute value of the specimen thickness is not known, quantitative
observations regarding the intensity of the peaks, as well as their energy po-
sitions, cannot be made. Moreover, identical experimental geometries, such
as the distance of the probe from the edge of the platelet, are required for a
direct comparison. Finally, the experimental acquisition conditions must be
identical. However, a qualitatively good agreement between the experimen-
tal trends can be identified, suggesting that the dielectric behaviour of the
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Figure 5.22: Valence spectra of a rhombohedral shaped platelet acquired in
monochromated STEM mode.
platelets under identical acquisition conditions does not change significantly
depending on the morphology of the sheets.
As discussed in chapter 3, in the platelet specimen, square nanostructures
are generally oriented along two zone axes, [001] and [100]. Platelets oriented
in the [100] zone axis are also referred to as edge-on platelets, as they picture
the flat [001] structures sitting on the edges (see figure 3.7). As a consequence,
in this orientation, the platelets exhibit a significantly larger thickness to the
electron beam than the those oriented along the [001] orientation, where
the c-axis is parallel to the electron beam. Given that the orientation of
the sample has a relative minor impact on the EEL spectrum when large
collection angles (β > 0.5 mrad) are used (see section 5.2), the spectrum of
the edge-on platelets is expected to be affected by the sample thickness to a
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greater extent than the [001] sheets.
Figure 5.23: HAADF image of an edge-on platelet of anatase. The orientation
of the specimen is along the [100] zone axis of anatase. The fact
that the atomic structure is not shown indicates that the platelet
is possibly misaligned of a few degrees with respect to the STEM
probe. The EEL spectra were taken at the positions indicated by
coloured circles.
Figure 5.23 shows an HAADF image of an examined edge-on platelet
which is surrounded by similar structures. As observed several times, the
edge-on platelets are rarely isolated for two main reasons. One possibility
is the oriented attachment mechanism of growth introduced in section 3.2,
according to which the anatase structures fuse along a common edge (orien-
tation) forming a unique block of material (crystal). Another possible expla-
nation stems for the intrinsic morphology of the structures. In the edge-on
configuration, the platelets usually find a support that facilitates the struc-
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tures to sit on the edges. This support is usually provided by similar edge-on
structures or by the edge of a hole in the carbon grid. In figure 5.23, the
examined platelet is supported by similar smaller structures along the edge
direction, and exposes a large fraction of material in vacuum, including the
corner region where the {001} and {100} facets of the truncated octahedron
form an angle of 67◦ (see section 3.4).
Figure 5.24: Intensity profile of the image acquired along the dashed white in
figure 5.23. The specimen thickness was taken as the width at half
maximum of the profile. The measured thickness value was assumed
to be 6 nm.
The thickness of the slab was measured along the [001] direction from
the intensity profile illustrated in figure 5.24. The dashed line shown in
the HAADF image represents the line profile across which the intensity was
taken. The thickness of the platelet was measured at the width at half
maximum of the intensity distribution and found to be 6 nm. This value of
thickness is the maximum thickness of the platelet along the c direction in the
sampled area. Non-monochromated EELS data were acquired at each pixel of
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a line scan across the specimen using a probe step of 1.5 nm/pixel. The probe
position is indicated by the coloured circles in figure 5.23. The experimental
data are shown in figure 5.25 (a), together with the deconvoluted spectra
in (b). Several differences are observed with respect to the cases examined
previously for flat platelets. In the transmission geometry, six peaks are
mainly observed at 4.8 eV, 9.6 eV, 12 eV, 16 – 22 eV, 25 eV and 28 eV and
x0 = -12 nm. Except for the 9.6 eV peak, all the other features are found in
the EEL spectrum of bulk anatase.
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Figure 5.25: Valence spectra (a) and deconvoluted data (b) of an edge-on platelet
of anatase acquired in non-monochromated STEM mode. A collec-
tion semi-angle of 11 mrad and an energy dispersion of 0.05 eV/pixel
were used during the experiment. A dwell time of 3 s/pixel and
0.3 s/pixel were chosen respectively.
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Understanding of the peaks found in transmission requires an examination
of the 3D geometry of the experiment. The case of fast electrons penetrating
an edge-on platelet can be seen as the weighted sum of three overlapping
transmission geometries, A, B and C, shown in figure 5.26. In case A, the
Figure 5.26: Schematic of the experimental geometry. The 3D morphology of
the platelet was simplified to that of a parallelepiped. The probe
position is indicated by the coloured circles. The 3D geometry of
the experiment has been subdivided into three 2D geometries of
different type, labelled A, B and C.
fast electrons travel at an equal distance z0 from the edges of a thin slab of
thickness t, in the direction parallel to the interfaces ([100] direction). In this
experiment t = 6 nm. In the geometry B, the electron probe penetrates at
normal incidence a slab of thickness h, which is the thickness of the sample
in the direction of the electron beam ([100] direction). In the last case C,
the electrons travel parallel to the interfaces of a slab of thickness d, at
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a distance y0. For each case, an analytical expression for the relativistic
inelastic scattering probability can be formulated using the dielectric theory.
These expressions can be found in equation 2.59 and in [114] for case A, B
and C, respectively. The results of the simulations are shown in figure 5.27.
The following parameters were chosen:
• Case A, t = 6 nm, z0 = 3 nm
• Case B, h = 50 nm
• Case C, d = 50 nm, y0 = 9 nm
As the length of platelet is not entirely displayed in figure 5.23, the finite
value of h is uncertain in this case. However, the EEL spectrum does not
vary dramatically for thicknesses 30 < h < 100 nm, except at very low energy-
loss due to the relativistic effects. The thickness value d is also uncertain in
the experiment. However, a value of 50 nm was chosen as a first attempt. In
case A, two intense peaks at ≈ 5 eV and 9 eV dominate the spectrum and
the scattering probability resembles that of a thin platelet of anatase. The
reduced distance t between the interfaces causes the coupling of the surface
plasmon modes, analogously to the coupling of the top and bottom surfaces in
the case of normal incidence. Thus, the 9 eV peak represents the symmetric
surface plasmon mode (P2) and the peak at 5 eV is an interband transition
whose intensity is enhanced by the surface exciton polariton. The energy
position of these peaks blue-shifts with z0, as the electron probe approaches
the interface (not shown here, see section 5.6). As the distance between the
edges increases, the coupling of the plasmons is suppressed and only one
surface planar mode is observed. This is the case of geometry C, where the
distance,d, between the corner edges is of the order of tens of nanometres.
Thus, at a given distance from the corner edge, the resonance frequency of
the surface plasmon is higher than in the case of coupling of the interfaces.
In figure 5.27, the planar surface mode is located at 9.6 eV. The interband
transition at 5 eV loses a fraction of intensity due to the reduced surface
character of the peak. In addition, the volume plasmon peak at 12 eV is now
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Figure 5.27: Theoretical simulations of the inelastic scattering probability of
300 keV electrons penetrating an anatase slab according to the ex-
perimental geometries A, B and C described in figure 5.26.
visible. Finally, in case B, the EEL probability is that of a bulk specimen,
where no surface plasmon mode is observed. The comparison between the
experimental EEL spectrum of the platelet in transmission at a distance 9 nm
from the corner of the platelet and the sum case A + B + C is shown in figure
5.28. The experimental spectrum is well reproduced by the sum of A, B and
C in the energy range between 8 eV to 20 eV, while a less accurate match
is found below this range. This discrepancy may be adjusted by a more
careful weighting of the components. However, the scope of this study is to
demonstrate that the geometry of the experiment largely controls the loss
features of the EEL spectrum. As a consequence, despite the large thickness
exposed to the electron beam, the dielectric behaviour of the platelet differs
from that of a bulk specimen due to the presence of an extra feature at
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Figure 5.28: Comparison between the experimental transmission spectrum of an
edge-on platelet of anatase at x0 = 9 nm and the calculated scat-
tering probability given by the sum of case A, B and C.
9.6 eV. This peak originates from the coupling of the edges, whose distance
is considerably smaller than the specimen thickness in the beam direction.
Contrary to the transmission case, the EEL spectra in the aloof geometry
are similar to those obtained for flat [001] sheets. This similarity is due to
the finite thickness of the sample that determines the formation of intense
surface features, such as the P1 and P2 peaks.
The dielectric behaviour of edge-on platelets was also investigated when
the electron probe travels parallel to the edges and gradually approaches the
interface along the c-axis. Figure 5.29 shows the geometry of this experiment.
The probe is initially positioned at a distance of 2 nm from the interface and
is stepped of 1 nm towards the edge of the platelet, as marked by the coloured
circles. The thickness of the nanostructure was measured along the line scan
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to be approximately 6.4 nm.
Figure 5.29: HAADF image of an edge-on platelet supported by analogous struc-
tures. The platelet is oriented along the [100] zone axis of anatase.
The EEL spectra were acquired along the c-axis, as illustrated by
the coloured circles.
The experimental valence spectra are displayed in figure 5.30 (a) together
with the deconvoluted data (b).
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Figure 5.30: (a) Valence spectra and deconvoluted data (b) of an edge-on platelet
of anatase acquired in non-monochromated mode. The acquisition
time was 3 s/pixel and 0.3 s/pixel for (a) and (b) respectively.
Additional acquisition parameters are analogous to those of the
previous experiment.
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The EEL spectra obtained both in transmission and in the near-field
geometry do not show substantial differences in comparison with the results
of the previous case. This observation is expected in transmission as the
thickness of the specimen along the [001] direction is almost identical in the
two cases. In fact, the value of t has a major influence on the spectrum.
Similar results are obtained also in the aloof geometry. Figure 5.31 shows
a schematic of the examined cases.
Figure 5.31: Schematic illustrating the near-field geometries analysed in the ex-
perimental works of figure 5.23 and 5.29 respectively.
In the left-hand side of the image, the STEM probe is travelling along
the [100] Cartesian axis as in the previous experiment (figure 5.23). In the
right-hand side, the experimental geometry of this work is considered, where
the probe travels aloof the edge of the platelet, along the [010] direction.
Given that the anatase crystal is uniaxial with a = b < c (a, b, c lattice
parameters), it is not surprising that the dielectric behaviour of the crystal is
replicated in the two experiments. In addition, the proximity of the corners
in one case, does not cause the excitation of additional peaks in the aloof
spectrum. Garc´ıa de Abajo [106] demonstrated that the corner mode of an
Al slab is less likely to be excited when the probe is located in the proximity
of the edge, analogously to the geometry of figure 5.23. However, in this
work, the probability of exciting the corner mode, even at its proximity, is
weakened by the presence of smooth angles.
It is worth noting that the aloof geometries sketched in figure 5.31, do not
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reproduce the case of electrons travelling aloof the interface of a semi-infinite
plane of anatase. Figure 5.32 shows a comparison between the aloof data
(a) extracted from the experiment of figure 5.29 and the relativistic inelastic
scattering probability of 300 keV electrons (b) travelling aloof the interface
of a semi-infinite anatase [100] slab. A poor match was found between the
experiments and the simulations. In both data sets, the intensity of the
surface features decreases with increasing x0, which is expected. However,
the experimental peaks are red-shifted with respect to the simulations. This
effect is due to the finite thickness of the sample in the c direction, which
is not accounted for in the simulations, which fail to reproduce the real
geometry of the experiment. Moreover, the estimated intensities do not agree
with the experiments. The experimental and theoretical results shown that
the specimen thickness is the major factor that determines the EEL spectrum
of the platelets also in the near-field geometry.
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Figure 5.32: Comparison between the experimental aloof spectra for the edge-
on platelet of figure 5.29 (a) and the calculations of the relativis-
tic EELS probability of 300 keV electrons travelling aloof a semi-
infinite [100] slab of anatase (b).
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5.6 Overlapping platelets and oriented attach-
ment
In the platelet samples, the nanostructures are often found overlapping
one another. The overlap of the platelets can be exploited to investigate
changes of the low loss spectrum upon thickness variation. This section
presents studies of the valence spectra of an increasing number of overlapping
platelets in both [100] and [001] orientations. Additional orientations are also
considered for the overlap of non-square platelets.
Figure 5.33 shows the HAADF image of two overlapping edge-on struc-
tures. As the orientation of edge-on platelets is the [100], the overlap occurs
along the [001] direction. In order to determine the thickness of the stack,
the thickness of each platelet was measured along the [001] direction, from
the intensity profile measured across the dashed white line. Each thickness
was taken as the width at half maximum of each peak of the intensity distri-
bution in figure 5.34. The obtained values were 7 nm and 6 nm for the left
and right platelet respectively.
The STEM/EELS technique was used to acquire an EEL spectrum at
each pixel of a line scan along the [001] direction (dashed white line in figure
5.33). The probe position at each step is marked with coloured open circles.
The deconvoluted EEL spectra are shown in figure 5.35 (a) and (b) for the
aloof and transmission geometry, respectively.
When the electron probe is outside the specimen, surface features appear
at 4.9 eV and 9.3 eV, at x0 = 4 nm from the interface. Provided that the
acquisition parameters are identical, the peak energies obtained in the aloof
geometry may be compared with those of an isolated 6 nm thick platelet, at
the same position of the probe from the interface. In the isolated platelet,
the peak energies are red-shifted with respect to the ones found in figure
5.35. As discussed in section 5.3, a blue-shift of the low energy-loss peaks is
observed when the specimen thickness increases. Thus, in the case of overlap
of two platelets, it appears that the joint thickness of the stack causes the
255
5. Electron Energy-Loss Spectroscopy of TiO2 Nanoplatelets
Figure 5.33: HAADF image of overlapping edge-on platelets along their {001}
facets. The EEL spectra were acquired at the probe positions
marked by the coloured circles.
blue-shift of the peak energies.
Further observations support this hypothesis. In the transmission spec-
tra, the plasmon energy at 9.6 eV observed for the single platelet is not
present. As discussed in section 5.4, this spectral feature is characteristic
of the finite thickness of the sample along the c-axis, and it appears in the
EEL spectrum of a 6 nm thick specimen due to the coupling of the surface
plasmons at the interfaces. The fact that no coupling is observed, indicates
that the thickness exhibit to the electron beam is larger than 6 nm. If the
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Figure 5.34: Intensity profile acquired across the dashed line in figure 5.33. The
thickness of the platelets is given by the width at half maximum of
the distributions. The interface between the platelets is marked by
the dashed line.
joint thickness of the overlapping platelets is considered, the observed EEL
spectrum is generated by a slab of total thickness t = 14 nm. As discussed in
section 5.2, for this thickness, no coupling of the plasmons occurs, and a faint
planar surface feature appears below the energy of the volume plasmon peak.
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Figure 5.35: Valence spectra of overlapping edge-on platelets in aloof (a) and
transmission (b) geometry, acquired in non-monochromated mode.
The intensity of the spectra is normalized to the maximum. A
collection semi-angle of 11 mrad, a probe step of 1 nm/pixel, an
energy dispersion of 0.05 eV/pixel and a dwell time of 2 s/pixel
were used.
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In figures 5.36 and 5.37, the experimental data were compared with the
results of theoretical EELS simulations, where the non-relativistic inelastic
scattering probability of 300 keV electrons, travelling parallel to the inter-
face of a semi-infinite [100] plane of anatase is calculated, in both aloof and
transmission trajectories respectively. The comparison gives a qualitative
understanding of the experimental results, however a relativistic approach is
required for a more realistic analysis.
In the transmission geometry, the interface (surface) plasmon energy grad-
ually blue-shifts towards the volume plasmon energy (12.5 eV) as the distance
from the interface increases. At x0 = 5 nm from the interface, the surface
plasmon is ultimately replaced by the volume plasmon. At x0 > 5 nm, the
position of the plasmon does not shift further.
When the electron probe is in vacuum, the interface plasmon becomes
a planar surface plasmon mode, whose resonance frequency is 11 eV at the
interface. The energy position of the surface plasmon red-shifts as the impact
parameter increases and it assumes the typical value of 9.6 eV at about 5 nm
from the interface.
The blue-shift of the interface plasmon observed in the transmission cal-
culations is well reproduced in the experiments. However, the peak energies
in the experimental data are smaller than in the calculations due to the non-
relativistic approximation. The effect of overestimating peak energies in the
non-relativistic approximation has been demonstrated by Garc´ıa de Abajo
[115] for different samples geometries.
Good agreement between the experimental and calculated spectra was
also found at 5 eV, where the intensity decrease of the peak is well repro-
duced, especially in transmission. However, the absolute intensities of the
surface peaks in the calculated spectra are not reproduced in the experi-
ments. This effect may be due to the finite thickness of the sample in the
direction perpendicular and parallel to the c-axis, which are not accounted
for in the simulations.
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Figure 5.36: Comparison between the experimental data in the near-field geom-
etry of overlapping edge-on platelets (a) and the calculated non-
relativistic EELS probability of 300 keV electrons travelling aloof
the interface of a semi-infinite [100] plane of anatase (b).
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Figure 5.37: Comparison between the experimental data in transmission of over-
lapping edge-on platelets (a) and the calculated non-relativistic
EELS probability of 300 keV electrons penetrating a semi-infinite
[100] plane of anatase at increasing distances from the interface (b).
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The results of the experiments and simulations confirm that the EEL spec-
tra obtained from the overlap of two edge-on platelets resemble the inelastic
scattering probability of a semi-infinite plane of anatase, suggesting that the
changes of the valence spectra are due to the thickness of the platelet stack.
In addition, in this case, the presence of an interface between the overlapping
platelets does not seem to affect the spectrum. In fact, if a thin dielectric
wrapping layer was present between the platelets, coupling of the surfaces
would be observed, causing the splitting of the surface plasmon energy, which
will result in a red-shift of the plasmon peak [32]. The fact that no coupling
is observed may also suggest that the platelets are attached along their {001}
facets, forming a single crystal structure. However, this hypothesis should
be confirmed by numerical calculations of the loss spectrum of fast electrons
penetrating a multilayer slab [116].
In order to further study the overlap of edge-on platelets, the energy-
loss peaks were imaged using the SI mapping technique. Spatial mapping
allows the electromagnetic field of the charge oscillations to be located at
specific positions in the nanostructures. The plasmon maps obtained using
this technique are shown in figure 5.38 for two overlapping edge-on structures,
similar to those studied previously. The SI is marked with a green box.
The spectral features within the 4.5 – 4.8 eV and 8.9 – 9.1 eV energy
windows are strongly confined at the outer edges of the platelets, revealing
their strong surface character. The intensity of these features is stronger at
the interfaces than in the centre of the platelets. In particular, the intensity of
the 9 eV feature is reduced within the platelets, contrary to that of the 4.7 eV
peak. The reason stems for the volume nature of this peak, as it corresponds
to an interband transition. On the other hand, the volume plasmon mapped
within a 12 – 12.5 eV window is uniquely found in the centre of the platelets
and it is strongly confined within the volume of the nanostructures. The fact
that no surface feature was found at the interface between the platelets may
indicate that the two structures act effectively as a single block of material,
or a thicker platelet. The asymmetry of the surface features is due to the
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presence of a sheet of anatase at the bottom left of the overlapping platelets,
that affects the dielectric response of the outermost left interface.
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Figure 5.38: Plasmon maps obtained for edge-on anatase platelets overlapping
along their {001} facets. The SI is marked by the green box in the
HAADF image which covers a sampling area of 16 × 18 pixels. The
spectra were acquired in non-monochromated mode with a collec-
tion semi-angle of 4.5 mrad, an energy dispersion of 0.05 eV/pixel,
and a probe step of 2.5 nm/pixel. The acquisition time was of
0.3 s/pixel.
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The study of the valence spectra was also carried out for a larger number
of overlapping structures. An example is given in figure 5.39, where EELS
analysis was performed on an edge-on platelet wedged into supporting struc-
tures of similar thicknesses. The specimen thickness was measured to be
6.4 nm from the intensity profile of the image taken along the dashed white
line.
Figure 5.39: HAADF image of an anatase edge-on platelet wedged into support-
ing structures of similar thicknesses. The EEL spectra were taken
in correspondence of the open circles, at intervals of 1 nm. The
dashed line represents a fictitious interface after which only bulk
features are found in the spectra.
The experimental and deconvoluted data are shown in figure 5.40 (a) and
(b), respectively.
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Figure 5.40: Valence spectra (a) and deconvoluted data (b) of the edge-on
platelet in figure 5.39, acquired in non-monochromated mode at
intervals of 1 nm/pixel, with a collection semi-angle of 11 mrad, an
energy dispersion of 0.05 eV/pixel and a dwell time of 1 s/pixel and
0.1 s/pixel for (a) and (b), respectively.
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The dashed line along the [001] direction in figure 5.39, indicates a ficti-
tious interface that separates the top and the bottom region of the sampling
area. In the bottom region, only bulk spectral features were observed in the
loss spectra. In the top region, the valence spectra have a closer correspon-
dence with those obtained for an isolated 6 nm thick edge-on platelet, where
the surface plasmon at 9.6 eV is faintly shown in transmission. After the
interface, the edges of the platelet start to become blurred in the HAADF
image, especially at the right interface. The blurred aspect of the edges may
indicate a changing of the specimen thickness due to the arrangement of the
interface during the attachment to the adjacent structures, or the presence of
a coating layer of amorphous material (unwashed during the sample prepara-
tion). In either case, the larger specimen thickness exhibited to the electron
beam seems to change the EEL spectra in such a way that they replicate the
case of a bulk-like sample.
The experiment was reproduced for a different direction of the electron
beam with respect to the c crystal axis. The study is illustrated in figure 5.41
where the STEM probe was stepped along a line scan across 4 overlapping
structures that are in turn supported by 4 (or more) platelets. Figure 5.42
shows the experimental spectra obtained in non-monochromated mode, in
transmission. Although these data are not deconvoluted, the experimental
trend can be observed. The energy positions of the spectral features, both
in the aloof and transmission geometries, are the same as those found for a
semi-infinite plane of anatase. However, as for the case illustrated in figure
5.35, the intensity of the surface plasmon peak appears to be underestimated
in the calculations.
To conclude, the EELS investigations on the dielectric behaviour of over-
lapping edge-on platelets seem to suggest that a stack of platelets may act as
a unique block of material, and that the thickness of the stack mostly deter-
mines the shape of the spectra. A comparison with EELS simulations may
provide further insight into the dielectric response of the stack. However, a
numerical approach (rather than analytical) is needed in order to replicate
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Figure 5.41: HAADF image of at least eight edge-on platelets overlapping one
another along the c-axis. A white arrow spans the total thickness
of the examined area, which was measured to be 20 nm from the
analysis of the intensity profile. The spectra were acquired in cor-
respondence of the coloured circles.
the geometry of the experiment. In this geometry, a multilayered metal-
dielectric slab of anatase should be taken as a starting model for adjacent
edge-on platelets. An expression for the EELS probability of electrons pene-
trating a multilayered slab of material has been proposed by [116]. However,
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Figure 5.42: Valence spectra of the overlapping edge-on platelets of figure
5.41 acquired at intervals of 1 nm/pixel in non-monochromated
mode. A collection semi-angle of 11 mrad, an energy dispersion
of 0.1 eV/pixel, a step probe of 1 nm/pixel and a dwell time of
2 s/pixel were used in this experiment.
applications of this method to nanostructured materials are limited [117].
The dielectric behaviour of overlapping structures was also investigated
for flat platelets of anatase, in both square and rhombohedral shapes.
Figure 5.43 shows the HAADF image of two anatase square-like platelets
lying on top of each other, along the (001) plane. In the overlap region,
the extracted HAADF intensity (figure 5.44) appears to be double the value
found in the single sheet, thus indicating that the platelets may have similar
thicknesses.
The experimental EELS spectra are shown in figure 5.45. The data were
acquired with a low acquisition time, without applying a spectrometer drift
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Figure 5.43: HAADF image of square shaped platelets overlapping along the
(001) plane, marked with dashed white contour lines. The corners of
the structures were etched during the synthesis.The low loss spectra
were taken at intervals of 3 nm, indicated along the yellow line by
the open circles.
voltage, and therefore have a low signal to noise ratio.
The spectral features observed for a single flat platelet in section 5.4 are
replicated in the spatial region occupied by the single sheet. However, at the
interface, the EEL spectra start to change. This change mainly occurs in the
volume region of the spectrum after 16 eV. The intensity of the spectral fea-
tures starts to increase as the probe is scanned across the overlapping region.
This increase in intensity is obviously related to the increased thickness of
sample in the overlap area.
At lower energy-loss the observed trend is not straightforward without
applying the deconvolution routine. Finally, a small intensity decrease is
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Figure 5.44: Intensity profile of the image acquired along the yellow line scan
of figure 5.43. The intensity of the region occupied by the double
sheet is double than that of the single sheet. The image background
is marked by the blue dashed line, while the average intensity of
each region is indicated by the dashed red lines.
found in correspondence of the 5 eV peak, which also indicates the reduced
surface character of this feature due to the increase in the specimen thickness.
In order to understand the overlapping of the platelets in more detail,
the deconvoluted spectra obtained from pixel A and B were analysed. The
comparison between the experimental data is given in figure 5.46. After the
deconvolution, it appears that for the single platelet the 8 – 16 eV region is
dominated by the surface plasmon mode at 9 eV, while a broad spectral fea-
ture is found in the overlap region. In particular, this region is a convolution
of the surface plasmon mode and the volume plasmon peak at 12 eV.
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Figure 5.45: Valence spectra of overlapping square shaped platelets, aligned
along the (001) plane of anatase. The data were acquired in non-
monochromated STEM mode, with a dwell time of 0.1 s/pixel, a col-
lection semi-angle of 11 mrad and an energy dispersion of 0.05 eV.
The experimental data were plotted together with the relativistic EEL
spectra simulated for anatase slabs of thicknesses 5 and 10 nm, in the case
of transmission at normal incidence in figure 5.47. A close correspondence
between the experimental and theoretical data was found suggesting that
the platelets may have the same thickness, in agreement with the intensity
profile of figure 5.44.
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Figure 5.46: Comparison between the deconvoluted valence spectra of the single
platelet region (pixel A) and the double platelet (pixel B) area.
In addition, the results seem to suggest that the stack of square-like platelets
acts, in the overlapping region, as a single block of material of increased
thickness, similarly to the case of edge-on platelets. Given that the relative
orientation of the sheets is irrelevant when large collection angles are used, the
inelastic scattering probability is largely determined by the total thickness of
the overlap region. This effect is further confirmed by monochromated EELS
investigations.
Spatial mapping of the spectral features was performed for the anatase
sheets, similarly to the case of the edge-on platelets. Figure 5.48 shows the
obtained plasmon maps in the 4.5 – 4.6 eV, 4.6 – 4.8 eV, 8.0 – 8.2 eV,
9.5 – 9.6 eV, 12.1 – 12.3 eV energy windows. As for the edge-on platelets,
the volume excitation within the 12.1 – 12.3 eV energy window is confined
within the center of the platelets, and it is more intense in the overlap region.
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Figure 5.47: Comparison between the experimental EELS data (dashed lines)
and the calculated relativistic EELS probability of 300 keV elec-
trons penetrating a 5 nm and 10 nm thick [001] slab of anatase at
normal incidence.
However, contrary to what observed for the [100] orientation of the sample,
the plasmon modes dominate the entire surface of the sheets, and are not
confined at the edges of the nanostructures, but extend for several nanome-
tres in vacuum. This behaviour is expected for thin samples, for which the
surface plasmons oscillate at the top and bottom surfaces of specimen and
their electromagnetic field decays exponentially from the interface in vac-
uum. Finally, as the surface features in the 4.6 – 4.8 eV and 9.5 – 9.6 eV
energy windows are mostly confined within the overlap area, their intensity
is reduced within the single sheet.
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Figure 5.48: Plasmon maps obtained for square shaped platelets of anatase over-
lapping along the (001) plane. The SI is marked with a green box
in the HAADF image.
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Electron energy-loss spectroscopy investigations were also performed for
rhombohedral overlapping platelets. Figure 5.49 shows an HAADF image of
two rhombohedral shaped platelets of anatase overlapping one another. The
overlap region is characterized by an increase in the image contrast due to
the increased thickness of the specimen. In particular, the HAADF intensity
in this region is almost double the intensity of the single sheet, similarly to
the case of overlapping square-like platelets (figure 5.50).
Figure 5.49: HAADF image of overlapping rhombohedral shaped platelets. The
morphology of each structure is marked with a dashed white line.
The EEL spectra were taken along a pixel line at intervals of 2.5 nm
(open circles).
The experimental EEL spectra are shown in figure 5.51. The results
closely resemble those found in the case of square morphologies.
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Figure 5.50: Intensity profile of the image acquired along the dashed green pixel
line in figure 5.49. In the overlap region, the increased thickness of
the specimen results in an increase of the HAADF intensity. The
background intensity is marked with a dashed blue line, while the
average intensity of each region is traced with dashed light blue
lines.
The deconvoluted EEL spectra, taken from pixel A and B are shown in
figure 5.52. As for square morphologies, in the overlap region the volume
excitations after 16 eV start to appear, as well as the volume plasmon peak
at 12 eV. The surface plasmon at ≈ 9 eV blue-shifts with the increase in
thickness, as well as the peak at 5 eV. Thus, also in this case, in the overlap
area, the platelets behave as a crystal of larger thickness than that of the sin-
gle sheet. This behaviour may also suggest that the nanostructures possibly
fuse during synthesis (or sample preparation) along the c-axis of the crystal.
The experimental data were plotted together with the simulated EEL
spectra of anatase slabs of thicknesses 5 nm and 8 nm. The thickness ratio
was chosen in accordance with the intensity ratio obtained in figure 5.50. The
correspondence between the data suggests that the estimated thickness of the
sample is a good measure of the effective platelets thickness, and well agrees
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Figure 5.51: Valence spectra taken along the intersection of two overlapping
rhombohedral shaped platelets at intervals of 6 nm across the
dashed green line in figure 5.49. Each spectrum was acquired for
1 s with a collection angle of 4.5 mrad and an energy dispersion of
0.05 eV/pixel.
with the change in the HAADF intensity shown in figure 5.50. From the
structural analysis carried out in chapter 3, it emerged that rhombohedral
shaped platelets represent 2D projections of the 3D platelet structures along a
specific direction, close to [001]. It was also argued that the 3D morphology of
non-square platelets may not correspond to the 3D structure of a thin sheet
of anatase, but relate more to the shape of an equiaxed crystal of greater
thickness. The results of the EELS investigation agree well with the first
model, and show that the valence spectra reproduce the inelastic scattering
probability of thin anatase sheets closely oriented to the [001] zone axis.
Monochromated EELS was also performed in order to gain information on
the dielectric response of the platelets. However, beside an improvement of
the energy resolution and the visibility of the spectral features, no substantial
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Figure 5.52: Comparison between the deconvoluted valence spectra of the single
platelet region (pixel A) and the double platelet (pixel B) area. An
analogy with the calculated relativistic EELS probability of 300 keV
electrons penetrating a 5 nm and 8 nm thick [001] slab of anatase
at normal incidence is also shown.
differences were found with respect to the non-monochromated case.
To conclude the EELS investigation of overlapping platelets presented in
this section, the dielectric behaviour of four nanostructures lying on top of
one another was studied. Figure 5.53 shows the investigated area, where four
platelets of mixed morphologies overlap. The area of interest is delineated
with a green line across which the intersection between three anatase plate-
lets is found. The intensity of the image across the line profile is shown in
figure 5.54. The change in intensity corresponds firstly to a region occupied
by a single square platelet, secondly to the overlap of three platelets and fi-
nally to the intersection between the corner and surface of two rhombohedral
structures. The experimental valence spectra are shown in figure 5.55. The
red spectrum was taken at a distance of 11 nm from the interface between
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Figure 5.53: HAADF image of anatase overlapping platelets. Four structures
are marked with dashed lines. The examined platelets are marked
with red lines. The EEL spectra were acquired at the positions indi-
cated by open circles along the green line crossing three overlapping
platelets.
the first overlapping platelets (0 nm). The trend observed in the EEL spec-
tra resembles the one found in the case of the edge-on platelets, as in the
region where the three platelets overlap, only bulk features contribute to the
EEL spectrum. In fact, the intensity of the surface plasmon at ≈ 9.5 eV is
strongly reduced in the thicker region of the investigated area. This effect is
expected because the thickness of the specimen in this region is considerably
larger than that of the adjacent areas. In addition, the appearance of the
volume features after 16 eV indicates a substantial increase of the specimen
thickness, as well as the intensity reduction of the 5 eV peak due to the loss
of surface character.
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Figure 5.54: Intensity profile of the image acquired along the dashed green line
in figure 5.53. The intensity change relates firstly to the region oc-
cupied by the single platelet, secondly to the overlap of three plate-
lets of mixed morphology, and thirdly to the intersection between
two rhombohedral shaped structures. The background intensity is
marked with a blue line, while the average intensity of each region
is traced with red lines.
These results are further supported by the inspection of the deconvoluted
spectra taken in areas of increasing thickness (increasing number of over-
lapping platelets). The experimental data are shown in comparison with the
simulated inelastic scattering probability of anatase slabs of 8, 20 and 30 nm,
in figure 5.56. The thickness ratios were chosen according to the intensity ra-
tios of figure 5.54. The close correspondence between the data shows that the
change of the spectral features follows the increase of the specimen thickness
due to the overlap of an increasing number of platelets. This observation is
consistent with what was observed previously for face-on platelets.
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Figure 5.55: Valence spectra taken along the intersection between three over-
lapping platelets of anatase, at each 1 nm step across the green
dashed line in figure 5.53. The spectra were acquired with a collec-
tion semi-angle of 4.5 mrad, an energy dispersion of 0.05 eV/pixel
and an acquisition time of 1 s/pixel.
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Figure 5.56: (a) Deconvoluted experimental EEL spectra taken from sampling
regions occupied by one (red spectrum), two (blue spectrum) and
three (green spectrum) platelets. (b) Relativistic EELS probability
of 300 keV electrons penetrating a 8 nm, 20 nm and 30 nm thick
[001] slab of anatase.
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5.7 Summary
In this chapter, the dielectric behaviour of thin anatase platelets was in-
vestigated experimentally at the nanoscale using the STEM/EELS technique.
The results of this analysis were interpreted by a comparison with theoretical
calculations of the EELS spectra. Despite the fact that these simulations are
based on a continuum dielectric model, they efficiently explain the electronic
behaviour of the platelets observed in the experiments. The dielectric re-
sponse of a thin platelet was found to differ substantially from that of bulk
anatase due to the considerable reduction of the specimen thickness. In par-
ticular, the energy-loss spectrum is dominated by features of strong surface
character due to the close proximity of surfaces and interfaces, while the vol-
ume excitations are greatly suppressed. When the orientation of the platelets
is changed from the [001] to [100] zone axis, the dielectric character of the
specimen switches from a surface-like character to a bulk-like one due to the
increasing specimen thickness exposed to the electron beam. The depen-
dence of the EEL spectrum upon thickness variation was also investigated
by changing the number of overlapping structures. The results show that the
observed changes of the spectral features follow the variation of the specimen
thickness due to the overlap of the nanostructures. This change consists in a
gradual loss of the surface character for an increasing number of overlapping
structures and the recovery of the bulk behaviour for an increase in thickness
larger than 10 nm. Moreover, the fact that the interface between overlaying
structures does not seem to contribute to the EEL spectrum suggests that
the platelets behave as a single crystal.
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Chapter 6
Electron Energy-Loss
Spectroscopy of TiO2 Nanorods
6.1 Introduction
The dielectric properties of nanocrystals can be tuned by controlling their
size and morphology. The dependence of the EELS spectrum upon changing
the morphology of nanocrystalline anatase from platelet to rod shapes is
investigated in this chapter. In the following section, some of the challenges
involved in the sample preparation of the nanorods are discussed, as well as
the reasons behind the carbon contamination build-up observed during the
experiments. Following this section, a brief explanation of the EELS results
obtained for individual nanorods is provided.
6.2 Sample preparation
As described in chapter 3, rod-shaped anatase nanocrystals were obtained
using oleic acid as the surfactant directing agent in the non-hydrofluoric
reaction of TiCl4 and TTIP. Due to the capping with oleic acid, a typical
yield of the nanorod powder product contains 26 %wt organic content [82].
The excess organic material in the nanorod samples provokes the formation
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of carbon contamination during STEM-EELS experiments, where organic
contaminants easily migrate towards the electron probe and deposit into a
carbonaceous layer at the surface of the sample, obstructing EELS analysis.
Figure 6.1 is an example of contamination build-up during HAADF imaging
and EELS acquisition. The nanorod sample was prepared by dispersing
the as-received powder in 1 mM tetrabutylammonium hydroxide (TBAH)
water solution. The nanorods in solution were drop-cast onto a TEM carbon
grid and left drying overnight under vacuum. The HAADF image in figure
6.1 (a) shows a thin homogeneous organic capping layer surrounding the
nanorods, marked with a dashed yellow line, which thickens as the probe
scans across the specimen, after EELS (b). The position of the electron
probe during EELS is easily noticed in figure 6.1 (b), where a bright contrast
spot, indicated by the arrow, appears in less than 1 s acquisition time, due
to the formation of the contamination layer.
Figure 6.1: HAADF image of the nanorods dispersed in a 1 mM TBAH water
solution before (a) and after (b) an EELS acquisition of 1 s. In (b),
the bright contrast at the probe position stems for the formation of
a carbon contamination layer.
In this study, as well as in all the following EELS experiments, conver-
gence and collection semi-angles of 10 mrad and 11 mrad were used, respec-
tively. The energy resolution of the acquisition was of 0.7 eV, with an energy
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dispersion of 0.05 eV.
Various strategies can be followed to reduce the formation of contamina-
tion and the percentage of oleic acid content in the starting material.
Prior to the examination of these preparation studies, a contamination
test was performed for nanorods deposited onto silicon nitride membranes, in
order to verify that the contamination build-up is caused by the as-received
samples rather than the carbon support [113]. Figure 6.2 shows the results of
an EELS experiment performed onto a single nanorod overhanging a hole in
the membrane. Samples were prepared following the NaOH ligand exchange
reaction described in section 3.2.
Figure 6.2: (a) HAADF survey image of an individual anatase nanorod and cor-
responding EELS spectra extracted from a line spectrum image (b).
The STEM probe was stepped by 1 nm along the diameter of rod.
The latter was measured to be 4 nm from the HAADF intensity pro-
file. The acquisition time was of 2 s pixel. (c) HAADF image of the
rod taken immediately after the acquisition of the spectrum image
(total acquisition time 30 s).
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While no contamination build-up is observed holding the electron probe
for more than 1 min onto a single spot of the membrane, the carbon plasmon
peak starts to appear at ≈ 25 eV after recording the first EELS spectrum on
the rod for 2 s, and quickly increases in intensity as the probe is moved 1 nm
step across the diameter of the rod. Figure 6.2 (c) shows the HAADF image
recorded after an EELS acquisition of 30 s. The formation of a carbon layer,
indicated by a dashed yellow line, is observed surrounding the nanorod. This
layer extends around the nanorod cluster, at the edge of the membrane, in
figure 6.2 (c), suggesting that the contamination diffuses from the surface of
the rod.
Due to the high content of oleic acid, the principle cause of contamination
is the excess of unwashed surfactant aggregates and nanorods clusters capped
with oleic acid in the as-received powder (see figure 3.8). A large percentage
of these aggregates can be eliminated by drop-casting the nanorod solution
onto a TEM support grid onto a filter paper. Using this technique, part of
the solution is absorbed by the filter paper and part by the support, reducing
the probability of depositing aggregates onto the film. The remaining un-
washed clusters can be removed or minimised using distinct cleaning methods
(or a combination of them): washing with organic solvent, ligand exchange
reaction, exposure to UV light to burn surfactant, heating in vacuum oven
to promote desorption of surfactant molecules.
Although quite simple cleaning procedures, the heating methods, used in
this work, were not successful in reducing the organic content of the sample.
Due to the lack of an experimental apparatus suitable for the exposure to
UV light with regulated emission, flux and temperature, as well as radiation
protection, the nanorod organic solution was deposited onto the TEM carbon
grid and exposed to a UV lamp for 1 h or 2 h. These samples did not show
a significant minimization of the organic content in the specimen, however a
more suitable UV treatment should be carried out to attest the efficiency of
this method.
Heating under vacuum was performed at 150◦C (maximum temperature
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of the oven) in a vacuum oven dedicated to TEM sample preparation for
22 h, after depositing the nanorods dispersed in organic solution (or water
solution after ligand exchange) onto the filter paper onto the carbon grid.
Figure 6.3: TEM micrograph showing the formation of dendrimers of organic
crystals, due to the aggregation of individual or cluster structures,
after vacuum oven treatment at 150◦C for 15 h.
After the treatment, the formation of large dendrimer shaped clusters
of organic crystals is observed (see figure 6.3). The subsequent exposure to
UV lamp or re-heating treatment did not lead to further improvement, but
irremediable damaged the carbon support.
Unlike the heating treatments, washing of the specimens generally leads
to a minimization of the organic content in the sample. Due to the capping
with oleic acid, various organic solvents can be used to disperse the reaction
products to obtain clear solutions: hexane, heptane, chloroform, toluene.
Alternative inorganic solvents include NaCO3 and NaOH solutions. The
addition of few tetrabutylammonium hydroxide TBAH drops in solution also
leads to clear dispersions [82].
Although experimental data regarding the extent of solubility of the oleic
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acid in organic solvents are not easily found in literature, it is expected
that the degree of solubility changes depending on the type of solvent. For
this reason, washing of the as-received powder was carried out by washing
sequences with two or three different solvents. The first sequence of solvents
used was heptane, chloroform and toluene. The second sequence consisted
in heptane and chloroform only. In each washing step, the nanorod samples
(10 mg) were washed by bath sonication in 10 ml of organic solvent for
15 min, followed by centrifugation at 17000g for 30 min. Prior to the first
washing step, the solutions were left to settle overnight. In the final two
steps of the washing treatment only heptane was used. The washed solutions
were tested for contamination during EELS by drop-casting the sample onto
a filter paper onto clean TEM carbon grids, and left drying overnight under
vacuum. Clean carbon grids were obtained by heating treatment at 120◦C
for 15 h in a vacuum oven dedicated to TEM sample preparation [113].
Figure 6.4 (a) shows a HAADF image of the nanorod solution washed
using the second sequence of solvents. The capping layer surrounding the
individualized structures is no longer visible by naked eye, however clusters
of nanorods and oleic acid are still present in solution. Nevertheless, the
amount of contamination build-up that forms during EELS acquisition is
substantially reduced. The EELS spectra taken across a 4 nm diameter
nanorod (figure 6.4 (b)), overhanging a hole in the carbon grid, are shown in
figure 6.4 (c). No carbon feature is observed in the EELS spectrum when the
probe is positioned at the rod interface, while a faint carbon plasmon peak
starts to appear while stepping the probe across the nanorod. This result is
confirmed by the HAADF image (figure 6.4 (d)) taken after the acquisition
where a bright faint contrast appears surrounding the rod at the position of
the electron probe. The reasons behind the origin of the contamination can
be multiple. For example, surfactant molecules may still be adsorbed on the
surface of the rods. Mobile surfactant molecules may also be present in the
clusters which can diffuse towards the probe. Also, non-volatile residual of
the organic solvent may be present, especially in the proximity of the clusters.
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Figure 6.4: (a) HAADF image showing the nanorod sample washed with heptane
and chloroform solvents. (b) HAADF survey image of an individual
anatase rod overhanging a hole in the carbon film and corresponding
EELS spectra (c), extracted from a line spectrum image taken across
the diameter of the rod. The probe step was of 1 nm. Each spectrum
was acquired for 0.7 s. The diameter of the nanorod was measured
to be 4 nm from the HAADF intensity profile. (d) HAADF image
taken after the acquisition of the spectrum image (total acquisition
time 30 s).
A significant reduction of the contamination build-up during EELS was
also obtained by washing the specimen directly onto the TEM grid. The
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as-received rod powder (1 mg) was dispersed in hexane (1 ml) and drop-cast
onto a filter paper onto a clean TEM clean carbon grid. The specimen was
washed by water bath overnight and left drying the following day under vac-
uum. The contamination test is shown in figure 6.5, where the EELS spectra
were taken from an individual nanorod of 3 nm in diameter, overhanging a
hole in the carbon grid.
Figure 6.5: (a) HAADF survey image of an individual nanorod of diameter 3
nm, overhanging a hole in the carbon grid. Sample preparation was
carried out by washing onto the TEM grid a dispersion of nanorods
in hexane with water bath overnight. The corresponding EELS spec-
tra are shown in figure (b). Each spectrum was taken from a line
spectrum image across the diameter of the nanorod, stepping the
probe of 1 nm. The acquisition time of each spectrum was of 2 s.
Unlike the previous example, carbon contamination starts to appear after
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several minutes. However, the result could not be reproduced further, and the
contamination started to appear after few seconds in similarly washed speci-
mens. Washing onto grid with hexane was also attempted without achieving
any considerable minimization of the contamination.
For TEM measurements, water solutions may be preferred to organic
ones. In order to disperse the nanorods into water, a ligand exchange reaction
can be used to substitute the ligand surfactant with an alternative ligand
dispersible in water. Two alternative ligands were chosen for the ligand
reactions: tetrabutylammonium hydroxide (TBAH) and sodium hydroxide
(NaOH). The amount of ligand molecules needed for an effective exchange
of the ligands was chosen to be 1 mM for both TBAH and NaOH ligands.
After the ligand exchange, the nanorods are dispersed in water following the
reaction described in section 3.2. For the contamination test, TEM samples
were prepared by drop-casting the water solution containing the precipitated
rods onto a filter paper onto a clean TEM grid, left drying overnight under
vacuum.
TEM images of the washed dispersions are shown in figure 6.6 (a) and (b)
for the NaOH ligand exchange and in figure 6.6 (c) and (d) for the TBAH
one.
As already observed previously for the heptane phase, the nanorods are
wrapped in a polymeric layer, possibly of oleic acid, indicating that the ex-
change reaction may not have occurred efficiently. In general, the nanorods
dispersed in NaOH water solution are surrounded by a thinner organic layer
than that obtained using TBAH ligands. Therefore, only samples obtained
using NaOH ligands are described further.
The capping layer that surrounds the rods can be removed or minimized
by further water washings or plasma cleaning. Washing by water bath was
carried out for 15 h or 24 h onto the TEM grid. After the treatment, the
nanorods precipitate in water so that very few structures are left onto the
TEM grid.
Figure 6.7 shows an example of plasma cleaning treatment on nanorod
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Figure 6.6: (a) and (b) TEM images of the nanorod sample dispersed in 1 mM
NaOH water solution after the ligand exchange reaction described in
section 3.2. (c) and (d) TEM images of the nanorod sample dispersed
in 1 mM TBAH water solution after the ligand exchange reaction of
section 3.2.
samples obtained via ligand exchange with NaOH. Three plasma cleaning
steps at interval times of 1 min were used in this treatment. In each step, a
H2/O2 mixed plasma was used for 20 s.
The result of plasma cleaning is shown in figure (b). The polymer network
that surrounded the nanorods in figure 6.7 (a) is no longer visible in (b)
by naked eye. In the EELS contamination test, the carbon plasmon peak
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Figure 6.7: HAADF image of the nanorod sample prepared via ligand exchange
with NaOH before (a) and after (b) plasma cleaning treatment for
20 s using a H2/O2 mixed plasma. (c) HAADF survey image and cor-
responding EELS spectra (d) of a line spectrum image taken across
the nanorod in figure (c). The STEM probe was stepped of 1 nm
across the diameter of the rod. Each spectrum was acquired for
0.5 s.
starts to appear after acquiring the first EELS spectrum for 0.5 s. The
intensity of the plasmon peak increases rapidly as the probe steps across the
specimen. The contamination tests were repeated over various regions of the
specimen, onto single rods overhanging a hole in the carbon grid, showing
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that the growth rate of the carbon peak is higher than in the case of figure 6.4,
where the polymer network was removed by washing treatment with organic
solvent. This result may suggest that the polymeric supporting network
is more efficiently removed by repeated washings with organic solvent due
to the high percentage of oleic acid present in the reaction products. For
this reason, washing of the as-received powder with organic solvent followed
by the ligand exchange reaction with NaOH may lead to a more efficient
minimization of the capping with oleic acid. The residual unwashed mobile
surfactant molecules can then be immobilized by an electron beam shower
illuminating the specimen. These combined approaches would be followed in
the future to potentially improve the preparation of the nanorod samples.
An additional step to the methodology of sample preparation consists in
washing the NaOH water solution, after the ligand exchange reaction. Figure
6.8 shows a bright field TEM image of the washed NaOH solution. Washing
with water was carried out with three consecutive centrifugation steps at
17000g for 30 min.
After the treatment, few individual rods can be found in the sample,
indicating that the capping layer was largely removed by the washing treat-
ment, leading to the aggregation and attachment of the rods surfaces. As
a consequence, STEM-EELS measurements on individual nanorods are not
straightforward. Without an aberration corrector for the STEM probe, it is
challenging to identify isolated rods that stick out from an aggregate. An
attempt of STEM-EELS experiment is shown is figure 6.8. The spectrum
was taken possibly from an individual structure sticking out from a large
aggregate, such as that illustrated at the top of figure 6.8. No carbon con-
tamination was observed in this case.
In conclusion, removing the polymeric capping layer of oleic acid that
surrounds the nanorods was proven to be a challenging task. The surfactant
molecules that are attached to the nanorod surface, as well as the excess of
oleic acid in the starting material cause the formation of carbon contami-
nation during EELS experiments. Although various cleaning strategies were
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Figure 6.8: High-resolution TEM image of the nanorod sample after washing
the NaOH water solution of the ligand exchange reaction with water.
The EELS spectrum was taken from a region of the rods agglomerate.
The acquisition time was of 1 s.
presented in this section, an established methodology to minimized the excess
of carbon contaminants was not found. The examined approaches suggest
that washing repeatedly with one or more organic solvents is necessary to
remove the excess of oleic acid in the starting material. This treatment is
only the first step of further cleaning procedures to remove organic elements,
as well as surfactant molecules attached on the surface of the nanorods. Such
procedures may consist in ligand exchange reactions with NaOH, as well as
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heating treatments that require a careful control of the experimental param-
eters, such as vacuum conditions and temperature.
6.3 Electron energy-loss spectroscopy of the
nanorods
The dielectric response of materials upon interaction with an electromag-
netic field is strongly influenced by the size and shape of the crystal. In
particular, the excitation of conduction electrons in metallic nanoparticles
generates strongly localized charge fluctuations coupled with the electro-
magnetic field, called localized surface plasmons [32] [72]. The resonance
frequency of these plasmons can be easily tuned by controlling the size and
morphology of the nanoparticles. For particle sizes which are small compared
to the wavelength of light in the surrounding medium (particles with diame-
ters < 100 nm), the electromagnetic field induces a dipole moment inside the
sphere, which generates the characteristic dipole surface plasmon mode of the
nanoparticle. The dipole mode can be directly excited by light and it is often
called bright mode [118]. In general for large metallic spheres embedded in
a dielectric host, there can be more than one dipole mode [72]. Multipole
mode can also exist and are associated with higher plasmon energies. These
excitations do not couple very strongly with light and are therefore called
dark modes [118].
Rod like morphologies of nanoparticles are often modelled using spheroid
shapes that exhibit two different plasmon frequencies, corresponding to lon-
gitudinal and transversal oscillations of the conduction electrons along the
major and minor axis of the spheroid respectively [32]. The difference in the
plasmon energies increases with increasing aspect ratio of the nanorods due
to changes in the polarization [119]. In particular, the longitudinal excitation
blue-shifts with the aspect ratio, while the transversal mode red-shifts from
visible to infrared wavelengths.
STEM-EELS experiments of individual gold nanorods have shown that
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positioning the electron probe aloof the surface of the rod the electromagnetic
field of the incoming electrons induces a polarization that gives rise to two
distinct plasmon modes [118]. In particular, when the electron beam passes
aloof from the rod in position I in figure 6.9, it excites the longitudinal mode A
which has the dipole charge distribution illustrated in the same figure. On the
other hand, when the probe is positioned in II, the transversal plasmon mode
B is excited. For nanorods with higher aspect ratio, multipolar longitudinal
modes can also be induced by the electron probe [120].
EELS investigations of semiconductor nanoparticles with rod morpholo-
gies are very limited in comparison with studies of metallic structures. How-
ever, the results obtained for similar spheroid or cylindrical geometries may
be examined to a first approximation. Wang et al. [121] studied the EELS of
Si/SiO2 core/shell nanocables of different diameters and observed the exis-
tence of a longitudinal charge oscillation corresponding to the monopole plas-
mon mode, having uniform charge distribution across the cylindrical surface.
For nanocables of larger Si core, a second plasmon excitation arises due to
the contribution of multipolar modes. Interestingly, the resonance frequency
of the monopole mode occurs at the energy maximum of 2, the imaginary
part of the material dielectric function.
This observation was also made by Kociak et al. [122] in the EELS
study of WS2 nanotubes. By comparison with theoretical calculations based
on dielectric formulations, Kociak and co-workers noticed that longitudinal
surface plasmon modes occur at maxima of 2,⊥, while transverse modes
correspond to the bulk plasmon energy in =(1/‖). Moreover, the authors
observed that the position of the plasmon modes is mainly affected by the
thickness of the walls, rather than the geometry of the crystal.
Thus, unlike metallic nanorods, the resonance energies of the surface plas-
mons in semiconductor nanorods are possibly related to the shape of the
imaginary part of the dielectric function rather that the morphology of the
nanoparticle.
This observation seems to agree well with the result of the EELS experi-
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Figure 6.9: (a) Calculated EELS probability of fast electrons travelling aloof
from an individual Au nanorod in position I (red curve) and II (blue
curve). The corresponding charge distributions are also shown in fig-
ure A and B for the geometry I and II, respectively. (b) Experimental
STEM-EELS spectra obtained in position I (red curve) and II (blue
curve), in the proximity of an individual Au nanorod of aspect ratio
diameter/length 28/85 nm. The spatial distribution of the plasmons
is shown in figure A and B for the longitudinal and transversal mode
respectively (adapted from [118]).
ments illustrated in the previous section for titania nanorods. Although, the
position of the plasmons is not entirely reliable, as the experimental data
are not deconvoluted, the existence of two peaks at ≈ 5 eV and 9 eV is
observed in both aloof and transmission geometries. The characteristic vol-
ume features and M3 edge of Ti are also observed in the spectrum, when the
electron probe travels across the nanorods. The positions and intensities of
300
6. Electron Energy-Loss Spectroscopy of TiO2 Nanorods
the surface plasmon peaks are comparable with those found in thin anatase
platelets and correspond to maxima in 2, at which the interband transitions
occur.
Effectively, the EELS spectra obtained in the near-field and penetrating
geometries resemble that of thin anatase platelets, for which the dielectric be-
haviour is greatly determined by the imaginary part of the dielectric function
(see chapter 5).
Future studies are needed in order to correlate the spatial distribution
of the plasmons with their longitudinal or transverse nature due to the in-
duced charge fluctuations by the incoming electrons. Moreover, additional
EELS studies must be carried out to investigate further the dependence of
the EELS spectrum on the geometry of the crystal and confirm the find-
ings reported in the literature for similar morphologies. These investigations
should be carried out in parallel with theoretical simulations of the spectra.
However, in the case of curved or complex geometries, the energy-loss proba-
bility of fast electrons is no longer derivable from analytical formulations, but
must be calculated numerically. Finally, a reliable methodology for sample
preparation is needed to obtain consistent EELS measurements of the rods.
6.4 Summary
This chapter contains a description of the sample preparation strategies
carried out on nanorod specimens. The aim of these approaches is to mini-
mize or reduce the carbon contamination observed during EELS experiments,
which obscures the dielectric behaviour of the nanorods. The chapter also
discusses the results of EELS experiments of individual nanorods and at-
tempts to explain the observed spectral features.
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Chapter 7
Conclusions
Nanostructuring of TiO2 crystals provides a valid contribution for the
increasing global demand of energy and environmental issues. Anatase na-
nocrystals exhibit enhanced photocatalytic properties that can be exploited
in the development of more efficient energy and environmental devices. The
improvement of the photocatalytic activity is related to the atomic structure
of the crystal facets, which in turn affects the electronic and optical properties
of the material. Despite the intensive research in the engineering of anatase
nanocrystals of various shapes, detailed structural, morphological and optical
characterization at the atomic scale are still missing. Transmission electron
microscopy provides the spatial resolution needed for investigations at the
nanoscale, as well as a large variety of techniques that give access to the
atomic and electronic structure of the specimen.
High-resolution TEM was used to determine the morphology of TiO2
anatase nanoplatelets and nanorods crystals. Information on the 3D mor-
phology of the platelets is accessible via two-dimensional projections of the
3D structure. The predicted 3D morphology of anatase nanoplatelets is that
of a truncated tetragonal bipyramid, where {001} facets dominate. The
projection of the 3D structure along the [001] direction results in a two-
dimensional square shape, where the (001) surface is mainly exposed to the
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electron beam. An alternative projection, that is usually observed in the
specimen, is obtained along the [100] orientation, which gives rectangular
shaped platelets, aligned along the [100] zone axis of the crystal. Finally,
rhombic and rhombohedral shapes are also observed, which are projections
the 3D crystal structure along different orientations. Interestingly, a large
fraction of rhombohedral two-dimensional shapes lays along the [111] zone
axis of the crystal, and, in general, gives origin to a strong uniform image
contrast. The 3D model that corresponds to these structures may not be
straightforward. In fact, non-square projections have also been observed for
3D crystals with a lower degree of truncation. Indeed, the Wulff shape of
nanocrystals can differ significantly from that derived under equilibrium con-
ditions, and varies upon surface chemistry and environmental conditions [10],
[92].
The morphological analysis of the platelets has shown that more than
one type of surface in the specimen is exposed to the electron beam. This
observation explains the controversial results that exist regarding the pho-
tocatalytic activity and supports the idea that the correlation between the
catalytic properties and the shape of the platelets is relevant only for speci-
mens of uniform morphology.
TEM studies of the nanorods, showed that two main types of edge mor-
phologies can be found in the samples: sharp and uniform edges or zigzagged
edge shapes. In both configurations, the nanorods mainly expose {101} facets
to the electron beam. The observed morphologies refer to two different stages
of growth: a primary stage where the formation of the rods occurs via the
oriented attachment of primary nanocrystals along the [001] direction, and a
final stage of growth via classical monomer addition and mass redistribution.
The atomic structure of the nanocrystals was examined for the first time
by reconstructing the exit wavefunction of individual nanostructures from a
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serial acquisition of aberration-corrected TEM images of different defocus.
The main advantage of combining the EPWR technique with aberration-
corrected imaging is the enhanced signal-to-noise ratio of the image contrast,
which is otherwise low due to the finite thickness of the crystals. Besides,
information on the atomic structure is provided at the maximum resolution
of the microscope, as the reconstructed exit wave is free from delocaliza-
tion artifacts and residual aberrations. The structural investigation of the
platelets via EPWR showed that nanocrystals oriented along the [001] zone
axis behave as a weak phase object due to the finite thickness (5 nm) that
they expose to the electron beam. The measurement of the distance between
atomic columns revealed the extension of the lattice parameters, a and b,
in the anatase unit cell of about 4%. The observed lattice strain is possibly
due to the reconstruction of the (001) surface and the formation of oxygen
vacancies during irradiation. EPWR was also conducted for rhombohedral
shapes. In this case, the observed contrast pattern is not a representation of
the atomic potential, due to the misorientation of the crystal with respect to
the [111] direction, which accounts for a 1◦ – 2◦ tilt from the zone axis. The
analysis of the contrast pattern of the reconstructed phase of the platelets
also seems to suggest that these structures possibly attach along various di-
rections, but mainly fuse along their {001} facets due to the large presence
of active sites.
Finally, EPWR provided evidence of the oriented attachment mechanism
of formation of the rods during the intermediate stages of growth. The
variation of the contrast pattern along the length of the rods is due to the
presence of building block nanocrystals of slightly different 3D morphology.
These blocks of material are often misaligned between each other of few de-
grees and can realign through lattice rotation in the final stages of formation
of the rod [93].
In addition to the morphological and structural analyses, the charac-
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terization of the optical properties of anatase platelets and rods was also
provided using high spatial resolution STEM-EELS. The results of this in-
vestigation were compared to the dielectric function of bulk anatase, which
was determined both experimentally using EELS and theoretically by DFT
calculations. The use of this combined approach allowed identification of
the origin of the main features of the EELS spectrum and their correlation
with the components of the dielectric tensor. Unlike rutile, which is the most
thermodynamically stable phase of TiO2 at the microscale, anatase micro-
crystals are not easily found in nature. Therefore, the number of works that
report measurements of the bulk dielectric functions are very limited. Recent
progress in thin film synthesis have allowed the fabrication of anatase thin
films with a high degree of crystallinity of various orientations, including the
<001> and<100>. STEM-EELS was performed for both<001> and<100>
films, so that the in-plane and out-of-plane components of the dielectric ten-
sor were measured respectively and directly compared to the simulations. In
addition, these results were correlated to literature reflectivity measurements
of the dielectric function. A good match between optical and EELS data was
obtained by removing the relativistic effects from the EELS spectrum, which
account for the relativistic velocity of the electron beam within the speci-
men, using an off-line correction algorithm. The analysis of the in-plane and
out-of-plane components of the dielectric tensor showed that the anisotropic
dielectric behaviour of the bulk crystal does not significantly affect the EELS
spectrum when large collection angles are used. In fact, two spectral features
mainly change due to the anisotropy of the crystal structure: the O 2p to Ti
3d interband transition and the volume plasmon peak, whose energies and
shapes are slightly different in the parallel and perpendicular orientations.
Besides adding lacking information on dielectric data of bulk anatase, the
dielectric functions of anatase determined experimentally using EELS pro-
vided bulk references for the optical properties of the nanostructures.
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The dependence of the dielectric behaviour of anatase titania upon vari-
ation of the crystal size was determined, for the first time, by measuring the
low energy-loss spectrum of thin nanoplatelets. Due to the reduced thickness
of these structures, the importance of surfaces and interfaces increases with
respect to the bulk case, changing the dielectric behaviour of the crystal, to-
gether with its electronic structure. Moreover, provided that the anisotropy
of the crystal is negligible when performing a STEM-EELS experiment, na-
nocrystals oriented along different zone axes can be used to explore the vari-
ation with thickness of the EELS spectrum of titania. When the orientation
of the platelets is changed from the [001] zone axis to [100], where the crys-
tal exhibits thicknesses of 5 nm and 20 – 50 nm respectively, the dielectric
behaviour of the specimen switches from a surface-like character to a bulk
one. In particular, in the first case, the energy-loss spectrum is dominated by
surface features, which arise due to the surface polarization induced by the
electron beam, while the bulk excitations are minimized or suppressed due to
the increase of the surface to volume ratio. The results of the EELS analysis
were interpreted by a comparison with theoretical calculations of the EELS
spectrum based on the continuum dielectric theory. Despite being a classical
formulation, the dielectric model efficiently describes the dielectric response
of the platelets to the electromagnetic field of the incoming electrons. In par-
ticular, the model predicts a strong coupling between the surface plasmons
at the surfaces, when their distance is below 20 nm. This behaviour is well
reproduced in the experiments, where the coupling of the surfaces can be
measured in the near-field geometry. Interestingly, the spectral features that
dominate the energy-loss spectrum of platelets with t < 20 nm, are given by
maxima in 2, which relate to interband transitions. These types of surface
excitations are called surface exciton polaritons and have been observed in
the EELS spectrum of semiconductor and insulator nanomaterials, especially
in the visible range. The fact that electronic excitations can be promoted in
the visible range of nanocrystalline titania by an electromagnetic field may
be extremely advantageous for the development of more efficient optoelec-
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tronic and energy devices.
The dependence of the EELS spectrum upon thickness variation was also
investigated by modifying the number of overlapping platelets. A gradual
loss of the surface character is observed for an increasing number of over-
lapping structures, as well as the recovery of the bulk behaviour when three
or more platelets overlap. In other words, the overlapping platelets behave
as a unique block of material of increased thickness. Thus, unlike metal-
lic nanostructures, for which surface electronic excitations are localized and
strongly affected by the morphology of the crystal, the surface plasmons of
semiconductor nanocrystals depend mostly on the specimen thickness rather
than its morphology. In particular, surface excitations are strongly related
to maxima of 2, where interband transitions occur.
The preliminary study of the EELS spectrum of anatase nanorods sug-
gests that the observed spectral features do not change significantly with
respect to the ones measured for thin platelets, and analogously to this
case, they relate to maxima of 2. However, the EELS study of rod shaped
structures is incomplete, due to the challenges encountered in the specimen
preparation. In fact, the large organic content present in the as-received rod
specimen due to the capping with oleic acid causes the formation of car-
bon contamination during STEM-EELS acquisition. Several approaches to
minimize the content of oleic acid and suppress carbon contamination were
examined. The results of this investigation suggest that washing the original
specimen repeatedly with a combination of organic solvents, such as heptane
and chloroform, significantly reduces the amount of oleic acid in the sample.
However, the presence of residual surfactant molecules attached to the sur-
face of the rods, as well as the unwashed excess of oleic acid, obscure the
features of the EELS spectrum of the nanorods.
Proof of a suitable methodology that minimizes the organic content in the
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nanorod specimens and prevents carbon contamination build up is needed.
In addition to repeated washings of the starting material, the ligand exchange
reaction with NaOH and the subsequent washing of the precipitates with wa-
ter would be a valid preparation treatment to follow. Moreover, alternative
treatments, such as heating in vacuum oven or exposure to UV light may
be successful cleaning strategies if performed under suitable experimental
conditions (controlled temperature and pressure). Alternative non-organic
synthetic routes could also provide a solution to the contamination prob-
lem. However, very few studies report the synthesis of anatase nanorods in
organic free environments [123], [124]. The development of a methodology
suitable for the preparation of the nanorods would allow a more detailed
EELS investigation, which verifies that the shape of the crystal does not sig-
nificantly affects the dielectric behaviour of titania upon interaction with an
electromagnetic field. This investigation should be carried out together with
theoretical calculations based on a numerical approach, such as the boundary
element method developed by Garc´ıa de Abajo and co-workers [72] for the
study of curved surfaces or more complex geometries.
The analysis of the shape dependence of the dielectric function of anatase
could also be extended to titania nanostructures of alternative morphologies,
such as nanotubes, on the basis of the EELS investigations carried out for
the platelets. In addition, the ability of tubes, and rods, to form connected
networks is attracting considerable attention due to the fact that the inter-
connection between the interfaces and surfaces leads to an improvement of
the electronic transport properties.
The atomic structure characterization of the platelets and rods could also
be carried out further. For example, additional theoretical DFT simulations
and high resolution imaging [125] could be performed to predict and explain
further the 3D morphology associated with rhombohedral shaped platelets.
Tomography also provides 3D information on the specimen, however the long
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time of exposure needed for the acquisition of the focal series of images would
cause damage to the crystal structure.
Finally, the quantitative analysis of the lattice parameters performed on
the platelets, could also be carried out for the nanorods, in order to determine
whether a contraction or an extension of the c-axis is observed in the crystal.
This result will provide further insight into the properties of nanorod crystals
and their use for optoelectronic and photocatalytic devices.
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8.1 General aspects of growth
The edge length of square, rhombic and edge-on platelets was measured
from the intensity profile of BF-TEM images of 75 structures, and plotted in
a histogram graph, shown in figure 8.1. According to this diagram, the edge
lengths are distributed over the 20 – 110 nm range. However, most platelets
have edge length between 20 – 80 nm.
Figure 8.1: Histogram graph showing the edge length distribution of 75 platelet
structures.
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The histogram graph in figure 8.2 shows the average thickness of 75 plate-
lets, measured to be 5±1 nm from the intensity profile of BF-TEM images.
Figure 8.2: Histogram graph showing the average thickness of 75 platelet struc-
tures.
Figure 8.3 reports the histogram graph illustrating the nanorods diameter
distribution of a population of 75 structures. The average rod diameter was
found to be 3.75 ± 0.75 nm.
Figure 8.3: Histogram graph showing the average diameter of 75 rod structures.
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The edge length of the rods was measured for 75 structures and plotted
in the histogram graph of figure 8.4. The measures are spread over several
length ranges due to the presence of seeds and intermediate growth stages.
Figure 8.4: Histogram graph showing the average length of 75 rod structures.
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8.2 Structural investigation of the platelets
The following tables resume numerical aberrations corrections of the re-
constructed EPW of platelets in the [001] and [111] zone axes.
Table 8.1: Aberration values obtained by the Zemlin tableau method and nu-
merical correction of the EPW reconstructed from the focal-series in
figure 3.11, for a [001] oriented platelet.
Zemlin correction Numerical correction
nm deg nm deg
defocus -155.7 - 8.5 -
2-fold astigmatism 7.885 16.5 0.5 157.5
3-fold astigmatism 18.9 151 19 151
coma 14.27 -126.4 23 180
Table 8.2: Aberration values obtained by the Zemlin tableau method and nu-
merical correction of the EPW reconstructed from the focal-series in
figure 3.18, for a [111] oriented platelet.
Zemlin correction Numerical correction
nm deg nm deg
defocus -180.1 - 7 -
2-fold astigmatism 1.012 159.3 0.2 31.2
3-fold astigmatism 28.02 -19.3 28 19
coma 16.2 -68.5 16 60
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The following tables summarize measurements for the expansion of the
lattice parameters a and b of a squared shaped platelet in the [001] orien-
tation. The lattice parameters were calculated using the relation between
plane spacings and lattice constants in a tetragonal crystal system:[
h2 + k2
a2
+
l2
c2
]−1/2
(8.1)
Table 8.3: Expansion of the lattice calculated measuring the planar distance
d[200] in figure 3.17.
Layer a (nm) Error Expansion (%) Error (%)
1 0.4127 0.0075 9.2 2.0
2 0.4075 0.0086 7.8 2.3
3 0.4085 0.0086 8.1 2.3
4 0.4051 0.0075 7.1 2.0
5 0.4023 0.0086 6.4 2.3
6 0.4085 0.0086 8.0 2.3
8 0.4070 0.0086 7.7 2.3
10 0.4057 0.0092 7.3 2.4
12 0.4017 0.0092 6.3 2.4
14 0.3956 0.0101 4.7 2.7
15 - - - -
16 0.4027 0.0085 6.4 2.3
17 - - - -
18 0.4023 0.0092 6.4 2.4
19 - - - -
20 0.3970 0.0085 5.0 2.3
22 0.3923 0.0092 3.9 2.4
24 0.3962 0.0092 4.8 2.4
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Table 8.4: Expansion of the lattice calculated measuring the planar distance
d[020] in figure 3.17.
Layer b (nm) Error Expansion (%) Error (%)
1 - - - -
2 0.4134 0.0086 9.4 2.3
3 - - - -
4 0.4164 0.008 9.4 2.1
5 - - - -
6 0.4134 0.008 9.4 2.1
8 0.4094 0.008 8.3 2.1
10 0.4062 0.008 7.5 2.1
12 0.4094 0.0092 8.3 2.4
15 0.4064 0.008 7.5 2.1
16 0.4022 0.0086 6.4 2.3
17 0.401 0.008 4.9 2.1
18 - - - -
19 0.4018 0.008 6.3 2.1
20 - - - -
22 0.3964 0.008 4.9 2.1
24 0.3934 0.0086 4.1 2.3
Figure 8.5 illustrates the images discarded for the reconstruction of the
focal-series taken from a [111] oriented platelet, shown in figure 3.18.
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Figure 8.5: Images of the focal-series shown in figure 3.18, taken from a rhombic
shaped platelet, discarded for the reconstruction.
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Figure 8.6 illustrates the defoci calculated by the MAL algorithm for the
reconstruction of the focal-series shown in figure 3.18, taken from a [111] ori-
ented platelet. The calculated average defocus value was of -1.02 ± 0.02 nm.
Figure 8.6: Linear regression of the defoci versus number of simulated images by
the MAL algorithm.
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8.3 Structural investigation of the rods
The following table summarizes the numerical aberrations correction of
the reconstructed EPW in figure 3.26 of rods in the [100] zone axis .
Table 8.5: Aberration values obtained by the Zemlin tableau method and nu-
merical correction of the EPW reconstructed in figure 3.26 for a [100]
oriented rod.
Zemlin correction Numerical correction
nm deg nm deg
defocus -512.3 - 10 -
2-fold astigmatism 5.7 -34.7 2 145
3-fold astigmatism 24.08 -22.5 24 337.5
coma 24.5 66.4 24 66.4
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The defoci calculated by the MAL algorithm for the reconstruction of the
EPW in figure 3.26 of a nanorod in the [100] zone axis is plotted in figure
8.7 as a function of the number of simulated images. The calculated average
defocus value was of -1.02 ± 0.01 nm.
Figure 8.7: Linear regression of the defoci versus number of simulated images by
the MAL algorithm of the EPW in figure 3.26.
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9.1 The C˘erenkov MATLAB code
The C˘erenkov MATLAB code removes the contribution of the relativistic
losses (C˘erenkov radiation and guided modes) from the EEL spectrum in the
low energy-loss region. The algorithm follows the off-line correction method
proposed in [80], based on the flux diagram sketched in figure 4.15. The im-
plementation of the C˘erenkov code requires the installation of the MATLAB
computer codes provided in [54]. The code also requires the experimental
single scattering distribution as input data (Sorigin), which needs to be saved
in a .txt file named expdata.txt. This initial single scattering distribution
is then used by the KraKro MATLAB code to extract via Kramers-Kronig
transformations the dielectric functions 1(E) and 2(E), which will be input
in the Kroeger code that simulates Skro¨ger (figure 4.15). The output of the
C˘erenkov code is a new single scattering distribution Snew without the contri-
bution of the radiation losses, which is stored in a .txt file named noCL.txt,
where the new dielectric functions 1(E) and 2(E) are also found.
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% Step 1: Make sure the file dielectricf.txt is empty at start
% Step 2: Check that the Kroeger code defines the function
% Kroeger as follows:
% function [edata, intP] = Kroeger(in, ee, thick, ang)
% Step 3: Insert experimental values for the input parameters
% of the function
% KraKro(SSD, A0, E0, Beta, RefIndex, Iterations, delta)
% as well as Kroeger(in, ee, thick, ang).
% Step 4: Input experimental SSD in expdata.txt
% Writes number of iterations at convergence
control = true;
counter = 0;
% Gets experimental data from file and normalizes
fexp = fopen('expdata.txt', 'r');
data = fscanf(fexp,'%g%*c',[2,inf]);
fclose(fexp);
Sexp = data(2,:);
edata = data(1,:);
epc = edata(2)-edata(1);
Sexp = Sexp';
maxSexp = max(Sexp);
NSexp = Sexp / maxSexp;
INSexp = trapz(NSexp);
% Extracts dieletric function from KraKro
[edata, eps1, eps2] =
= KraKro('expdata.txt', 1, 300, 14, 2.4, 10, 0.1);
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ffinal = fopen('expdielectric.txt', 'w');
fprintf(ffinal, '%g\t %g\t %g\r\n', [edata;eps1;eps2]);
fclose(ffinal);
while(control)
[edata, eps1, eps2] =
= KraKro('expdata.txt', 1, 300, 14, 2.4, 10, 0.1);
fdie = fopen('dielectricf.txt', 'w');
fprintf(fdie, '%f\t %f\t %f\r\n', [edata;eps1;eps2]);
fclose(fdie);
[edata, intP] = Kroeger('dielectricf.txt', 300, 89, 14);
maxintP = max(intP);
NintP = intP / maxintP;
INintP = trapz(NintP);
figure;
hold on;
plot(edata, NSexp,'g');
plot(edata, NintP, 'r');
legend('Sexp','Kroger(intP)');
hold off;
% Off-line correction algorithm
fprintf(1,
'\n\n\nINintP = %f / INSexp =
= %f\n\n normalized Subtraction = %g\n',
[INintP;INSexp; 100 - ( INSexp * 100 ) / INintP ] );
if 100 - ( ( INSexp * 100 ) / INintP ) < 1
control = false;
else
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Snew = NSexp - ( NintP - NSexp );
for i = 1:length(Snew)
if Snew(i) < 0
Snew(i) = 0.001;
end
end
figure;
hold on;
plot(edata, NSexp,'g');
plot(edata, Snew, 'b');
legend('Sexp','Snewiteration');
hold off;
fnewout = fopen('expdata.txt', 'w');
fprintf(fnewout,'%f\t %f\r\n', [edata'; Snew']);
fclose(fnewout);
end
counter = counter + 1;
fprintf(1,'Iteration number %d\n',counter);
end
ffinal = fopen('noCL.txt', 'w');
if counter == 1
Snew = NSexp - ( NintP - NSexp );
for i = 1:length(Snew)
if Snew(i) < 0
Snew(i) = 0.001;
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end
end
fnewout = fopen('expdata.txt', 'w');
fprintf(fnewout,'%f\t %f\r\n', [edata'; Snew']);
fclose(fnewout);
[edata, eps1, eps2] =
= KraKro('expdata.txt', 1, 300, 14, 2.4, 10, 0.1);
fprintf(ffinal,'%g\t %g\t %g\t %g\r\n', [edata;eps1;eps2;Snew']);
else
fprintf(ffinal,'%g\t %g\t %g\t %g\r\n', [edata';eps1;eps2;Snew']);
end
fclose(ffinal);
fprintf(1, 'Total of iterations = %d\n', counter);
figure;
plot(edata,NSexp,edata,Snew)
legend('SExp','Snewlast');
figure;
hold on;
plot(edata,eps1,'r');
plot(edata,eps2,'g');
legend('eps1','eps2');
hold off;
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9.2 Experimental dielectric functions and energy-
loss function of bulk anatase
Figure 9.1 illustrates a comparison between 1,⊥ before the removal of the
C˘erenkov losses and optical data extracted from [45] (dashed line).
Figure 9.1: Real part, 1,⊥, of the dielectric function of anatase before removal of
the radiation losses from the EEL spectrum. Continuous lines refer
to experimental EELS data, dashed lines refer to optical data [45].
Figure 9.2 reports the experimental dielectric functions of anatase ob-
tained by EELS in the energy range of 0 – 65 eV for both perpendicular
(dark lines) and parallel (red curves) components of the dielectric tensor,
after removal of the radiation losses.
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Figure 9.2: Real (a) and imaginary (b) parts of the dielectric function after re-
moval of the radiation losses from the EEL spectrum. Dark lines
refer to the perpendicular components, red lines refer to the parallel
components.
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